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Foreword

Foreword

M H R Hutchinson.
CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon., OX11 0QX, UK

This report contains scientific accounts of the work which has been carried out
at the Central Laser Facility (CLF) both by university users and facility staff
during the financia year 1997/98. The year has again been highly productive
with important developments both in Vulcan and the Lasers for Science
Facility (LSF).

One of the most conspicuous developments during the year has been the
continued development of the Vulcan laser. In particular, using the technique
of chirped pulse amplification, intensities in excess of 10™ W/cm? have been
achieved. This combined with a completely new optical layout and target
chamber in Target Area West, which permits the use of synchronised
nanosecond and sub-picosecond pulses, has provided a unique facility for the
study of a broad range of laser related physics. Examples include x-ray
scattering from shock compressed plasmas, the study of plasmas at near solid
density and pumping of X-ray laser transitions using long and short pul ses.

The diverse and highly successful science programme has continued within
the LSF. The 1 kHz dual OPA laser has been used for a variety of ultrafast
spectroscopic investigations ranging from studies of electroluminescent films
to electron transfer within molecular complexes. The project to develop a
1 TW, 10 Hz, 30 fs source has been successfully completed and projects on
multiphoton ionisation and molecular dissociation and realignment have been
carried out. The Laser Loan Pool has benefited from an ongoing investment
programme in laser and diagnostic equipment which has been funded by
EPSRC and has enabled state of the art lasers to be made available to
university usersin their own laboratories.

During the year, a novel scheme was explored which has the potential for enabling pulses to be amplified which are significantly
shorter than the limit set by the bandwidth of the glass amplifying medium of Vulcan. This is called Optical Parametric Chirped
Pulse Amplification (OPCPA) and, if the scaling experiments which have yet to be carried out prove to be successful, the technique
would enable intensities available from the VVulcan laser to be increased by up to one order of magnitude.

The science being carried out within the CLF by university colleagues from both within the UK and el sewhere in Europe continues to
be of the highest quality. Funding of the programme which is principally through EPSRC and the EU depends upon a partnership
between the CLF and our users. | believe we can ook forward to further successes, both in the development of world-class facilities
and the excellence of the science.
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Overview of the Central Laser Facility

Overview of the Central Laser Facility

C B Edwards.

CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon., OX11 0QX. Email C.B.Edwards@RL.AC.UK

Laser Facilitiesfor Users

The Centra Laser Facility (CLF) is one of the world's leading
centres for research using lasers. Facilities available to users
include the multi-TW Vulcan Nd:glass laser, the electron beam
pumped krypton fluoride Titania facility, a range of state of the
art commercial systems within the Lasers for Science Facility
and the Laser Loan Poal.

Vulcan

Vulcan is a highly versetile, large-scae Nd:glass laser
installation which delivers a maximum of 2.5 kJ of energy in its
six 10 cm and two 15 cm beamlines with pulse durations
ranging from 100 ps to 20 ns. Two target areas are available,
each supporting versatile irradiation geometries ie cluster, line
focus, etc. and each equipped with frequency conversion optics
to enable both 1 um and 0.5 um operation of al beams. Two
further target areas are provided for lower energy applications.

An ultrashort pulse (700 fs) ultrahigh irradiance
(~5x10™ Wem on target) Chirped Pulse Amplification (CPA)
capability is available, with vacuum propagation to target and
reflective beam focusing optics. Additional low energy beams,
including sub-picosecond CPA probes, are provided for
diagnostics with high temporal resolution. The system is fully
characterised and equipped with advanced diagnostics. This
facility gives users access to extreme conditions and plasma
regimes currently unavailable from other facilities.

Titania

Titania is a unique high power laser instalation based on
electron beam pumped krypton fluoride excimer laser
amplifiers. The facility currently provides high irradiance to
target at 249 nm using CPA to generate 1 TW output with pulse
durations as short as 350 fs. It is also available in Raman mode
in which the KrF laser energy is used to pump a series of
Raman amplifiers which generate high brightness, high contrast
radiation at 268 nm with pulse durations in the range 20 ps to
100 ps.

Facility time on Titania during the reporting year has been
shared between the use of the CPA output for EPSRC and EU
funded plasma science, and the development of the Raman
mode of the facility.

Lasersfor Science Facility

The Lasers for Science Facility (LSF) operates a suite of state
of the art table-top laser systems and associated instrumentation
giving users access to highly tunesable (vuv - ir) and variable
pulse width (ns to fs) laser radiation. This includes lasers for ns
and ps time-resolved resonance Raman spectroscopy (TR®), a
unique dual wavelength multi-kHz femtosecond synchronised
pump-probe apparatus based on Optica Parametric
Amplification (OPA) technology, a femtosecond laboratory, a
high average power laser plasma x-ray source and a fast gated
(100 ps) confocal microscopy laboratory.

Stand-alone, commercia laser systems are available on loan
from the Laser Loan Pool for periods of up to 6 months at the
user's home laboratory.

Astra (HPHR)

A major EPSRC grant funded programme is under way to
develop a terawatt source delivering 30 mJ in 30 fs a a
repetition rate of 10 Hz. The first stage is complete and 1 mJ
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pulses of 50 fs duration have been provided to several user
groups during the year.

Customers

The main customers of the Central Laser Facility are the UK
Research Councils (primarily EPSRC, BBSRC, NERC), who
fund beam time for grant-supported UK University researchers
and their overseas collaborators. A small proportion of access is
provided by the Research Councils for non-grant funded work

to enable rapid access for topical and ‘proof of principle’
experiments.

The EU provides beam time at the CLF for European
researchers through the Large-Scale Facility Access scheme
under the TMR programme.

Use by other UK government bodies, commercial enterprises,
or any other agency is available at contract rates.

Accessto Facilities

A large proportion (typically ~90%) of EPSR@&ccess is
provided to grant supported programmes through a ticket
mechanism. Such grants specify the amount of facility time
required, enabling the full cost of the proposals to be taken into
account by the prioritisation panels convened by EPSRC.
Successful proposals are allocated “tickets”, which guarantee
beam time subject only to scheduling considerations. The
remaining EPSRC funded beam time is allocated to Direct
Access for experiments to assist in the preparation of grant
proposals, to demonstrate feasibility, etc. Direct Access
experiments are peer reviewed by an expert panel who advise
the Director of the CLF on scientific priority, etc. Bids for
Direct Access argublicised in scientific journals and on the
CLF's Web site. Please contact Prof. Henry Hutchinson
(h.hutchinson@rl.ac.uk) for further information on EPSRC
sponsored use of the facilities.

Arrangements for funding of beamtime for experiments within

the remit of BBSRC and NERC programmes differ from the

EPSRC model. Potential applicants working in these areas
should contact Dr. Tony Parker (a.w.parker@rl.ac.uk) in the
first instance for further information.

Enquires concerning the use of the Laser Loan Pool should be
directed to Dr Mike Towrie (m.towrie@rl.ac.uk).

European researchers are eligible for beamtime at the CLF
funded by the EU through its Large-Scale Facilities programme.
Calls for Proposals are publicised in Europhysics News, Physics
Today, etc. and on the CLF's Web site. For information on
forthcoming calls for proposals, eligibility criteria, etc. please
contact Colin Danson (c.n.danson@rl.ac.uk).

Potential commercial users should contact Dr Graeme Hirst
(g.j.hirst@rl.ac.uk) in the first instance for further information.

CLF Web site

Further information on the CLF, its facilities, and the scientific
programmes is available on the CLF's Web site at
http://www.clf.rl.ac.uk/



Science — High Power Laser Programme

Science - High Power Laser Programme
1) Long Pulse Plasma Physics
2) X-Ray Laser Physics
3) Short Pulse Plasma Physics

4) Theory and Computation
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Science — High Power Laser Programme — Long Pulse Plasma Physics

Phosphor dopant activation using pulsed KrF laser annealing

E A Mastio, W M Cranton, C B Thomas.

The Nottingham Trent University, Department of Electrical and Electronic Engineering, Burton Street, Nottingham, NG1 4BU.
Email emmanuel.mastio@ntu.ac.uk

Introduction been successfully utilised at pressures of 150 psi and to
The aim of the presented work is to investigate and define thi&cilitate the accurate positioning of the target wafer in the KrF
optimum Pulsed Laser Annealing (PLA) conditions of phospho€am(s), an XZ motion was constructed using two
layers i.e. ZnS:Mn for high efficiency thin film MicroControl stages with 10 um accuracy ove200 mm total
electroluminescent (TFEL) devices. Previously demonstrated 4favel, capable of supporting 30 kgs (figure 1). PC control of
The Nottingham Trent University (TNTU) displays group, is the stepper motor drives allows accurate positioning of specific
that light emission efficiency improvements are obtained byarget areas of the wafer.

increasing the number of luminescent centres within theryg hresented laser annealing processing has been performed in
phosphor layer, whilst maintaining a pinned Fermi Level withing|japoration with the Central Laser Facility (X-rays lab) and
the devices struc_turé’. Conventional thermal annealing has Tiianiq groups using two different KrF excimer lasers. Both
been shown to increase the number of active luminescefisars are operating at 249 nm wavelength and 20 ns pulse
centres, but to reduce the density of interface electronic trappingigin but the latter has a considerably bigger output beam size.
states and thus un-pin the Fermi level which is unsuitable fOFor the initial experimentation at LSF, the effect of energy
high efficiency devices. On the other hand, pulsed excimer las‘?fensity was investigated using the system describ&d \iith
annealing promises a technique to heat the phosphor layer WiH‘I focused beam spot of 3 mm diameter, the energy density

minimal energy absorption at the interfaces and cladding:omd be varied between 53 mJémand 777 mJci Single
dielectrics, thereby preventing the detrimental Fermi Level unypg myjti-shot irradiation was performed across the ZnS:Mn
pinning effect. Thus, PLA provides a process route to optimisgyin fijms and the irradiated area was then examined via

efficiency of r_ed, green and blue el_ectroluminescent phothorﬁhotoluminescence using a pulsegllaker for excitation and a
for full colour integrated flat panel displays. Minolta LS110 Luminance Meter for measurement. At Titania,

. L laser fluence is varied by blocking one or two beams as shown
Experimental conditions in figure 2
Critical to the viability of PLA processing is the definition of

the parameters to successfully anneal the phosphor thin films
with no ablation?. This has necessitated the construction of a Wafer 150 o6l Ar or SFG
pressure cell to house the target wafer during annealing, since Pressure Cell %I—)@ pstArer
previous work® has demonstrated that it is essential to carry \
out these experiments with the samples held under inert gas —”-4\ —
pressure to prevent material loss at high irradiation levef8, In \
successful PLA of Mn ions implanted ZnS thin films, deposited : ‘\
onto single-crystal Si substrates, was obtained when irradiating R
\
\
|
|
|
|
|

4.cm’ aperture

under 90 psi of Ne pressure. Reported was the Mn peak
photoluminescence (PL) intensity vs. ambient Ne pressure
behaviour under 2.8 J/éraser fluence. Pressure range used at
that time was 15 to 90 psi where slight loss of material still
occurred for 90 psi and it was suggested that pressures in excess
of ~100 psi may have to be employed. Therefore, for the
present work, the pressure cell has been constructed to
withstand pressures up to 150 psi i.e. 13.42 bars. The cell has

3 Titania beams
focused on wafer.

Stepping motor 1 Figure 2. Experimental set-up for Titania irradiation

Results and discussion

So far, seven experimentation weeks have been performed, five
Pressure Cell at LSF and two at Titania. Tests were carry out onto 25 wafers
investigating two different phosphor series, 4 thin film
thickness, 3 pre-thermal anneal (TA) temperatures and post-TA
effect, 5 laser beam sizes, more than 40 energy densities (Ed)
and multi-shot configurations, 5 laser pulse repetition rates,
et effects on the average roughness (Ra) and two surrounding gas
TS i nature and pressures. The figures 3,4 and tablel illustrate the
major photoluminescence improvements obtained using the

idl
1

PLA technique.
| ZnS sublimes before melting and figure 3 highlights clearly the
]—_ﬁ predicted vaporisation when irradiating at atmospheric pressure.
= The loss of material being followed by PL reduction (crosses).
‘( )m Single and double shots, with the samples held under 150 psi of
Ar pressure, show a linear PL improvement characteristic with
Figure 1. Side view of XZ motion and pressure cell different slopes relative to applied energy density. Since the

action of several pulses cannot be additive due to the interval
between them (nanosecond regime), it can be concluded that the
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Science — High Power Laser Programme — Long Pulse Plasma Physics

structure formed on each shot influences subsequent coupling lalser annealing technique for activating the luminescent dopant
the radiation to the samples. Therefore, as the Energy densityf ZnS:Mn phosphors. Noted is that both lasers exhibit this
Ed, is increased, the double shot irradiations benefit fronbehaviour.

improved coupling due to changes induced by the initial shot.

2'4_""I""I""I'"'I""I""I""I""I"_
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Figure 4. Relative PL vs Ed of 800 nm ZnS:Mn film deposited
Figure 3. Relative PL vs Ed of 800 nm ZnS:Mn film deposited onto a Si wafer after LA with a 20 ns pulsed KrF excimer laser.
onto a Si wafer after LA with a 20 ns pulsed KrF excimer laser. Single shot irradiation under 150 psi Ar pressure
Single and double shot irradiation under atmospheric and

150 psi Ar pressure To further investigate the luminescent properties of the

irradiated phosphor layer, the irradiation technique developed
As shown in figure 4, PL and Ed are still linearly dependenwill be applied to thin film structures that can subsequently be
even at high laser fluence level. A one-dimensional thermafabricated into EL devices. More, the use of energy densities
model of the PLA processing shows that the luminescenbeyond the melting point threshold will be used with the
improvement is obtained in the solid state and that linearity isecrystallisation of the poly-ZnS:Mn structure expected to
conserved during metallurgic transitin provide an increase of Mn ion luminescence efficiency and light

. . ) _— ransport in the thin film.
The experimentation with Titania showed the best PL resulttsa sportinthe t

(table 1). The larger beam area permits annealing of larg8eferences

regions with a very good beam uniformity. Unfortunately,
repeatability and high Ed were not achieved due to KrF gag: W-M. Cranton, RStevens, C.B. Thomas, A.H. Abdullah,
A H, and M.R. Craven

instabilities into the | ity. . . .
instabliifies infa the faser cavity IEE Colloquium on Materials for Displays, (1995)

2. W.M. Cranton, E.A. Mastio, C.B.Thomas, and R. Stevens

Ed per puls@59 495 235+265 457+440 483+635 CLF-RAL Annual Rep, 147-148(1997),

(mJ/end) 3. H.S Reehal and C.B Edwards
PL(LA)/PL(NA) 1.5 3.0 15 3.25 5.5 Annual Rep. Laser Facility Committee, SERC Rutherford
and Appleton Labs., 2.17-2.18, (1981).

. ) ) .. 4. H.S. Reehal and J.M. Gallego, C.B. Edwards
Table 1. Relative PL vs Ed. Single and double shot irradiation  app|. phys. Lett., 40 (3), 258-260, (1982)

of ZnS:Mn under 150 psi of Ar pressure using Titania laser.
5. E.A. Mastio, W.M. Cranton, C.B. Thomas, E. Fogarassy,
Conclusions S. de Unamuno
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CLF Annual Report 1997/98 12



Science — High Power Laser Programme — Long Pulse Plasma Physics

X-ray Scattering from a shock compressed plasma

D Riley, NC Woolsey 1, D McSherry.
Queens University of Belfast, University Road, Belfast BT7 1NN, Northern Ireland

T Present address: Dept. of Physics, University of York

E Nardi.
Department of Particle Physics, Weizmann Institute of Science 1I-76100 Rehovot, Israel

Introduction
An important concept of dense plasma physics is the idea of
strong coupling™®. This occurs when the Coulomb energy of 80ps backlighter
interaction between charged species in the plasma is beams
comparable to, or greater than, their kinetic energy due to Ti- disk
thermal motion. Often this fact is expressed via the strong
coupling parameter, which for ion-ion interactions is given by Ti- He-alpha ——p»
photons
r = M 1) Double pinhole
i R k1|— ] arrangement

where T is the ion temperature,; Ris the average ion-ion

separation, k is Boltzmann's constant, and Z*e is the average

ionic charge. If";; is greater than unity, the plasma is said to be _
strongly coupled. This coupling leads to short range structure in foil target
the relative arrangement of the ions, usually expressed as a pair /
correlation function, g(r), that gives the average probability of

finding an ion in a shell of radius r and thickness dr about a test

ion. Using this function, a structure factor for X-ray scattering

can be calculated, in a manner similar to the way in which o &

atomic lattice arrangements determine X-ray diffraction patterns  shock . .

for crystalline materials. What this means is that, in principle,  driving ‘, A

we can probe the average short range structure of ions in a beams ‘\

plasma by measuring the X-ray scattering cross section as a

function of scattering angfe). This report describes just such Sﬁat“ered

an experiment. photons
Experimental arrangement To CCD spectrometer ~ Cooled CCD
Figure 1 illustrates the experimental arrangement schematically.

A target foil consisting of fim of Al, coated on both sides with Figure 1. Experimental arrangement

1um of CH is irradiated on each side by three B8laser

pulses of 0.6 ns FWHM duration. The laser pulses are focusethe CCD is sensitive to single X-ray photons. Each electron-
to 1.5 mm diameter spots with phased zone pfat@®ZP) to  hole pair generated in a CCD pixel represents 3.65 eV of
form a relatively uniform spot. With approximately 220 J of absorbed energy. The amplifier is sensitive to 12 electron/hole
laser energy each side the peak irradiance i$’¥26m> The  pairs generated, thus a photon of 4.75 keV generates 109 counts
rapid heating of the CH layer to several hundred electronvoltfh a pixel. If there are few enough photons incident that the
drives multi-Mbar shocks which collide in the centre of the foil, chance of more than one photon being incident on an individual
compressing and heating it. For the second part of theixel is small then we can histogram the counts from the pixels
experiment, two synchronised 80 ps backlighter beams, are usaéld obtain a spectrum of detected photons. Due to thermal
to irradiate a Jum thick Ti disk. This generates an intense noise, the resolution of this spectrum is measured to be 5 counts
source of Ti Hex photons at 4.75 keV with a pulse length (220 eV). For the histogramming to work, it is important that
similar to the laser pulse durati@nA pair of pinholes, 300 and the background bremsstrahlung generated by the hot laser
600 um in diameter, restricts the the photons hitting the targeplasma on the surface of the foil is lowoeigh that the filters

foil to a narrow cone of 5.7° divergence, illuminating a circleon the detector will effectively eliminate this contribution whilst
1.2 mm in diameter centred on the shocked part of the foilstill allowing enough of the scattered kephotons through to
Most of the photons pass through the foil and are detected byget a usable signal. It is for this reason that we restrict the
crystal spectrometer consisting of a Si(111) crystal coupled to @radiance on target to ¥owcm? The use of a CH outer coat
CCD camera, placed down a long tube in order to confine thalso helps in this respect since the average charge on the ions is
photons from going back into the chamber by scattering offower than for bare Al foils. In addition, there is a ‘tamping
walls and the spectrometer housing. ThecH@se is by far the  effect’ that keeps the Al part of the foil under relatively uniform
brightest K-shell line and the source is effectively conditions. The contribution of the hot low density CH plasma
monochromatic for our purposes. Finally, a few of the photongo the scattering cross section is small due to the fact that not
(~1 in 10) will be scattered from the shocked foil. Theseonly is the average Z of the plastic lower than Al but the ions
constitute our signal and they are detected by a 16-bit cooled Xxre more fully stripped and it is the scattering due to bound
ray CCD detector (Andor technology Instaspec 1V) with electrons that dominates. What is not shown in figure 1 is the
1024x256 pixels of 2m x 27um size. This was placed at screening used to prevent Ti ldephotons from entering the
different positions in the horizontal plane so as to subten@CD detector via any route other than scatter from the shocked
approximately 18° i.e. approximately 3 times the resolution sefoil. This was checked to be the case with null shots in which
by the beam divergence. only the actual target foil was missing.
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Results

We have built up the cross section as a function of angle by
histogramming overlapping thirds of the CCD to achieve five
data points separated by 3 degrees each. This is shown in figure
2 for three different times relative to the shock driving beam,
with the CCD centred at 50°. The error bars in cross section are
simply the Poisson statistical counting error. The cross sections
are not absolute as the crystals used to measure thebldam
intensity are not yet calibrated. However, we can see quite
clearly that there are differences in the cross sections. A definite 12
peak is seen only for the late time case. However, the earlier
time shots show evidence that a peak exists at higher angles not 0 % o1g o o
accessible to the experiment.

Time from pulse peak (s)

T 10
Ti

Temperature (eV)

Figure 3. lon temperature and density predicted by
MEDUSA simulation of the shocked foil.

observed peak at 50° suggests a density of less than 1.5 g/cc in
contrast to the hydrocode simulation which suggests a value of
nearer 2 g/cc. The broadness (~20°) of the peak in the 1.5 g/cc
case is related to the lower coupling parameter caused by
having an average ionisation of only 1.6. The narrow peak in

the late time data suggests a stronger coupling parameter,
probably due to a higher temperature leading to higher

ionisation. Clearly some more work is needed to assess to what

160

—4—t=+1.5ns =
—O—t=+1lns
—®—t=+0.5ns

80 b

relative cross section

40 i

1 1 1 1 1 1 1
20

0 10 30 40 50 60 70 80

Scatter angle (degrees)

Figure 2. Relative cross sections for three delays

Discussion

We can estimate the expected conditions for all three probing
times by running hydrodynamic simulations. The MEDUSA
hydrocod® has been widely used to simulate laser-plasma
interaction and subsequent shock compression. For the high
density matter, it has a Thomas-Fermi-Dirac (TERjjuation

of state that has quantum corrections to produce low
(0.01 Mbar) pressure for cold solid density material. The
ionisation balance for the aluminium is also given by the TFD

degree the experiment is a test of the hydrocode.

16 T T T T

3.7g/cc 0.46eV
””” 1.5g/cc 0.15ev

Cross section (10 24em *Sr 1)
®
T

Scatter angle (degrees)

Figure 4. Some examples of simulated X-ray scattering
cross sections.

model. A simulation was run with a Gaussian pulse width ofReferences

600 ps (FWHM) at a peak irradiance of 1.1¥1Wcm? In the
simulation the laser is incident from one side only. To simulate
the effect of colliding shocks due to two sided irradiation, only
one half of the target is simulated with the left hand boundarg.
held fixed. Figure 3 shows the mass averaged values of density
and temperature as a function of time. The oscillations early i
time are due to rarefractions of the shocks. The temperature at
late time is approximately 0.3 eV. At this temperature
aluminium under normal atmospheric pressure would evaporaig,
and only a neutral gas cross section, determined by the atomic

form factor would be expected. c

The scattering cross section has been calculated for conditions
relevant to the current experiments. The simulations were
carried out as described in references 4 and 5 and sorfe
examples are shown in figure 4. The case of 3.7 g/cc and
0.46 eV is relevant to the early time (+0.5 ns) case in the datg.
The predicted peak is at 72° which is off the experimentally
accessible range. However, the slow rise in the observed cross
section is consistent with the simulation. However, it does seef®.
that the late time data is consistent broadly with a lower density
than the early time data. A lot more work in analysis of th
cross sections is needed before any firm conclusions can bé
drawn. However, an important point is that the experimentally
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Introduction first position the silicon crystal was placed 200 mm from the

Yields of the Hea photons (l%lsZp) for the laser irradiated titanium foil, figure 1(D. At this position we determined signal_
sources iron, titanium and vanadium were measured for variod§VelS: After several laser shots, and for the X-ray scattering
laser energies. The 0.58n wavelength 25 J laser pulses of €XPeriment, an X-ray beam dump was attached to the vacuum
80 ps duration irradiated a focal spot of diameter between 56nd_ t'he sp_ect_rometer moved to 967 mm from the _t|tan|um _f0||,
and 15Qum. The data presented here taken was during an X-ral osition@ in figure 1. The fr_ont spectro_meter was filtered with
scattering study?” ?, and was performed using the Vulcan 5 um Al and 9um Be, with an additional layer of 50 or
Nd:glass laser system at the Central Laser Facility at th&O00KM of Mylar (CHgO,) on some shots. Filtering on the rear
Rutherford Appleton Laboratory. spectrometer was different with 3%m Al and 250um Be

filters, an additional layer of either 28n of Mylar or 17.7um
Experimental arrangement of Parylene-C (gH,Cl) was included on some shots. The
éﬁ}]rpose of this filtering was to prevent soft x-rays and scattered

u

The experimental arrangement is the same as for the X-r o .
P g M-band radiation swamping the CCD cameras.

scattering experimert 2 as shown in figure 1.

Transmitted 151
Yaruum Chq‘mher IB)em
ump 1
'Screenil:ng' Box S 1 P Hea
= °P, Hea
Xray Backlighter | Rm Z 05 Li-like dielectronic
‘Sample" Spectrometer § . satellites
Al Plasma S Ka
O 0 o ‘ ‘
D Pinhole ! 4.8 47 46 45
Assembly TN Energy KeV
\ A, Figure 2. Line emission for the Ti Hetransition. Transition
. \ P energies obtained from Scofiéldnd used to identify the lines
(Ti Eoil) \\ ==l | Filter and fix the energy scale.
\ Scatier CCD
Results
X o - ﬁ;}ﬁ;ﬁ}' Spectra were recorded for the e transition for titanium

(4749.2 keV), vanadium (5204.6 keV) and iron (6699.5 keV).

Vulcan Clusier Beams L
Front In some cases the x-ray source was incident on an Al plasma, or
Spectrometer a cold Al foil or indeed no plasma for null shots. The incident
infrared laser energy and the backlighter focal spot where

Figure 1. Experiment set-up, not to scale. The beam dump wagecorded on each shot.
placed inside the vacuum chamber at the start of the experiment ! . . L
@ and later it was transferred to outside the cha@ber A typical Ti Hea x-ray line spectrum is shown in figure 2. The
He-like resonance (14s2p'P,), intercombination (Fs1s2p
The backlighting laser beam illuminated @@ thick titanium,  3p)y and Li-like dielectronic satellites are resolved.

vanadium, or iron foil delivering ~ 2x¥0W/cn? on target. The _ o )
x-rays produced were collimated into & divergent cone by In order to determine the photqn yield in photons per joule-
pinholes placed behind the titanium foil. Some x-rays scattefPhere we need to know three things, (1) the total incident green
from a heated Jim thick aluminium foil placed 20 mm from laser energy, (2) the number of photons incident on the CCD
the titanium foil. The scattered x-rays are detected by a cctegrated over the three lines shown in figure 1, and (3) the
camera at angles away from the normal. These scattered X raydlid angle over which the He radiation falls on to the CCD.
are the study of another papdr 2 and they have been he_ incident laser energy was not measurgd on a shot to shot
mentioned for completeness. basis. However, these values were determined from measured
frequency doubling efficiencies. The conversion efficiency of
The number of x-ray photons emitted in the dd&ransition by  the crystal for a 80 ps laser pulse length was+62%, an
the He-like x-ray source was spectrally determined using silicomverage of 4 measured values. The number of photons incident
(111) crystal based spectrometers coupled to cooled CCDgn the CCD is determined from the spectra taking into account
Two spectrometers were used, photons emitted from both thee Hea transmission losses through the various filters and the
front, laser irradiated, and the rear side of the x-ray source We?Jamum efficiency of the CCD. The quantum efficiency
detected. The front spectrometer silicon crystal was placegepends on the energy of the incident photons, and is 70, 62 and
285 mm from the titanium foil and at 2@ normal so thatitdid 38 percent for the Ti, V and Fe Hephotons respectivelf).
not block the incident laser beam. The rear spectrometer Wasnally the solid angle is calculated from the angle which the
placed at two different positions during this experiment. In the.ray source subtends at the CCD and from tabulated silicon
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crystal reflectivities. The silicon crystals used were assumed tg)is-yssion

be perfect, with a reflectivities of 5.13x104.38x10° and
4.95x10° radians at 4749.2, 6699.5 and 5204.6 kK&VBoth

crystals were cut from the same source material.

Figure 3 shows the integrated Hephoton yields against laser

Irradiance for Ti, V, and Fe sources determined from the front

spectrometer. Figure 4 shows similar results for the rear

spectrometer.

25E+12
@ = @ 80ps (Fe)
] | A 80ps (V)
2 20E+12
& = DE 4 5 = 80ps (Ti)
o 0@
S 15E+12 A n =
S = = =
b = ]
s m
2 1.0E+12 4 o ]
2 A
g N
5 5.0E+114 A A
E * %A oA @ A® .4
~ )

A
0.0E+00
1.0E+15 1.0E+16
Irradiance On Target / (W/cm”"2)

The Ti results are in broad agreement with the results of
Phillion and Hailey®. Photon vyields typically are between
10" — 2x13? Photons/(Joule-Sphere). The average Ti (Z=22)
photon yields were larger than the V (Z=23) yields which were
in turn bigger then the Fe (Z=26) values. This is expected as the
yield falls with increasing atomic number. A large shot to shot
variation in photon yield is measured at the same irradiance on
target. This may result from shot to shot variations in the
focused laser beam profile and possible hot spots in the laser
focus. Laser beam smoothing techniques were not applied
during this experiment, however, techniques such as random
phase plates may reduce hot spot production and reduce the
variation in photon yield. Due to large yield variations photon
yields were monitored on each shot during the X-ray scattering
measurements. This allowed accurate cross-sections to be
determined.

We can clearly see from the ratio plot, figure 5, that thexHe
photon vyields are not the same for the front and rear
spectrometers for the Ti, V, and Fe targets. The targets are
illuminated on the one side only, and effects such as opacity of
the plasma should effect the measured yields when comparing
front and rear.

Figure 3. Front spectrometer photon yield vs. laser intensity of
the 2p- 1s He like lines for Ti, Fe & V target shots with 80 ps We have assumed that the silicon crystals used were perfect

pulse length.
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Figure 4. Rear spectrometer photon yield vs. laser intensity of

however the reflectivities assumed need to be verified by
calibrating the crystals. This is a reasonable assumption since
silicon is a robust material and crystal manufacture is an
advanced process.

In conclusion we have shown typical x-ray photon yields for Ti,
V and Fe targets. The yields presented here provide a useful
guide when planning experiments were photon numbers are
required and this data should prove useful to others in the
scientific community.
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Introduction Reproducible shot-to-shot alignment of target components was

In the previous annual report we reported the first experimentd10SSible using an alignment station external to the target

measurement of x-ray scattering processes in a ptasminis ~ chamber and kinematic mounts.

experiment demonstrated the feasibility of the techifigaed

specifically, established this technique as a sensitive method Kesults

observing strong coupling phenomena. Following this succes%-ray scattering measurements from cold and radiatively heated

a second, experimental measurement of x-ray scattering crosal samples were obtained. In these measurements

sections from a radiatively heated plasma has been completedapproximately 1 in 10 pixels on the detector recorded a signal.
. . . " .. With knowledge of the sensitivity of the CCD system (i.e. 1

The x-ray scattering technique is sensitive to ion-iongqnt js equivalent to 12 electron-hole pairs, and a electron-hole

correlations, or the structure factor of a plasma. In a weakly5ir is created with each 3.65 eV absorbed) the number of

coupled plasma the ion cores are screened by the Debye sph&fgigie photon events can be histogrammed as a function of

However, as the density increases, i.e. as the strong coupllrég1ergy to produce a spectrum. Examples of x-ray scattering

regime is approached, the inter-ion core separation may becorgg, from radiatively heated Al foils are shown as spectra in
less than the Debye sphere. At this point ion positions afgure 1.

influenced by neighbouring ions with short range order
occurring. X-ray scattering is sensitive to these effects. The
technique can be applied to moderately coupled plasmas (i.e.
Ii~1) as described here or strongly coupled pladmal) as
described in a related artidle .

Experimental technique
As the experimental technique has been described elséfhere

No. of Photons

an outline of the experimental technique and modifications 1

follows. A plasma with a moderate ion-ion strong coupling ,

parameter (i.e[;~1) is formed by radiatively heating a thin, S 200 2000 000 000
free-standing Al foil. The heating source is a soft x-ray Energy [eV]

radiation source created by focusing six Vulcan cluster beams

onto a 1000 A thick Au foil. The Au is coated onto a 0.5 um

CH-plastic film. A uniform, 1.5 mm diameter focal spot was Figure 1. Histograms of scattered photons

created with random phase zone plates to give an irradiance of

3x10° Wem? in a 1 ns laser pulse. At these irradiances a large

area of approximately 80 eV radiation temperature x-ray source

consisting of Au P-, O-, and N- band emission was createdy figure 1 the large peak centred on 0 eV indicates 90% of the
Note, the Au M-band wasot e>_<C|ted. This thermal radiation pixels (1024 x 256 pixels) were empty. The feature between
volumetrically heated a fim thick Al sample placed 6.5 mm 100 and 2000 eV, including the peak centred at 1510 eV, is due
from the source. to the spectral nature of the Au soft x-ray source, the
Synchronized and delayed to the Au soft x-ray source is ansmission of the Be and Al filters covering the CCD, and the
second high temperature, short lived, Ti plasma. This> CCD detector K-edge. The scattered signal is the peak
backlighting source was ionised to form a He-like plasma with £entred at 4750 eV. Peak area after background subtraction
80 ps laser pulse focused to 2¥10/cni2. The x-ray emission 91VeS the number of scattered photons. Absolute and relative
is dominated by Ti He-like n=1-2 transition (namely the, He X-ray cross-sections as a functl_on of scattering angle and time
transition) centred at 4.75 keV. This prolific source of lined€lay can be extracted. Relative measurements are made by

radiation was collimated with pinholes into a 5° divergent cond!°'Malizing the number of scattered photons against the number
and directed onto the Al sample of incident photons measured with the spectrometer, absolute

measurements require absolute calibration of the spectrometer.
The number of incident Hephotons on the Al sample was q h d signal | and th
monitored using a Si(111) spectrometer coupled to a 16-blft Order to ensure the scattered signals were real and the
CCD detectd?. A similar CCD detector was used to record theScattered signal was a true measure of the cross-section of the
number of He photons scattered by the Al sample. ScatteringEV0!Ving Al plasma a series of null shots and cold shots were
cross-sections are small (order of?d0and the number of aken at each scattering angle. The results indicate that the
scattered photons is roughly 1 in®liicident photons for the Pinhole collimation and shielding was accurately set andatid
experiment. Single photon counting techniques were employe(ﬂ:.omr'bme to the scattering. In addition scattering of only the

Careful filtering of the CCD detector was necessary to exclud&{ X-Tay source (i.e. no backlighter) diwt produce a peak
the soft x-ray background and limit the number of expose lose to 4.7 keV. The cold shots, i.e. the Al foil was not heated

pixels to less than 1 in 10. This is essential to enable reliabRUt Probed by the backg%htgr, derﬁno#stratée t?e x-raly scatlter(ijng
single photon detection. The CCD detector was positioned t5"0SS-sections were modified as the heated Al sample evolved.
record scattered photons over a 17° angle on each shot (iRelative x-ray scattering cross-sections are shown in figures 2
approximately 3 times the divergence of the |°nC|dent X-a¥%and 3. In figure 2, three single shot measurements centred at
beam) and could placed at angles centred on 20°, and 30°. Thg° are shown. Two single shot measurements were made with
detector housing was modified to allow measurements to lowegg ps temporal resolutions ( andm) and one at 300 pg\(
scattering angles. backlighter duration. Vertical error bars are determined by
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statistical uncertainty, horizontal error bars indicate thevariations in the soft x-ray source will lead to shot-to-shot
experimental angular resolution. In figure 3 the 300 ps data setncertainties.

at 20° @ and 0) is reproduced and compared to 300 ps data . . . I
centred on 30°4). Absolute x-ray scattering cross-sections require calibration of

the crystal spectrometer. Crystal calibrations with accuracies
The CCD detector covered an angle range of 17° on each shaip to 3% can be obtained using a conventional x-ray source and
three times the backlighter beam divergence, by performing an asymmetric double crystal
running histogram over a third of the CCD three data points
were extracted. Hydrodynamic M odeling

The hydrodynamics of the radiatively heated Al sample is
RN RS S RS RN modeled using Med183 Modifications to Med103 include
o L N frequency distributed energy absorption using published cold
1 opacity table8, incorporation of the Sesame equation of state
T . Iibraryg/), and an implementation cg;)f a Saha ionisation model
1000 |- g s based on the work of Headireg al.”. Frequency distributed
E:’:ﬁgi

I

I
1

radiation sources are taken from the literaflirand scaled
using the Stafan-Boltzmann law, dilution resulting from source
A shot 101409 -300ps ) to sample separation is included.
B shot 121409 -80ps

@ shot 151409 - 80ps .
() T T T TR Conclusion

Relative x-ray scattering cross-sections have been measured
from a radiatively heated Al plasma using a 80 and 300 ps
duration, 4.75 keV x-ray source. The scattering data shows a
monotonic decrease in the cross-section with angle, although
inconclusive evidence of a peak at low angle, indicative of
moderate coupling, may be present. Future low angle
T T T T + T T measurements may confirm this.

3

=]

IS}
T
1

Cross-section [arb. units]

Angle [degrees]

Figure 2. Comparison of 80 and 300 ps results

1500 7 Low photon numbers, and the need to ensure the CCD is not

overexposed make background elimination and discrimination
both important and non-trivial. However photon counting the
M CCD can be used as a spectrometer which greatly enhances the
i signal above noise.

1000

Cross-section [arb. units]

500 -
8 oot 00 + The experimental and data analysis procedures continue to be
o, A siowos-3o0ps . . . i improved. As the hydrodynamic model is developed we will
0 10 2 20 40 50 60 investigate Al sample uniformity. This should improve shot to
Angle [degrees] shot reproducibility. Further development of the CCD may

enable angles closer to 0° to be measured
Figure 3. 300 ps cross-sections measurements
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17° coverage limits experimental accuracy. At best 1% '
statistical uncertainty in the number of detected photons is At. Data Nucl. Data Tables 54 181 (1993)
possible. The Hgintensity above background is maximized to 8. N G Cooper
enable efficient filtering of background radiation. Still, many  Los Alamos Scientific Library LALP-83-4 (1993)
pixels are exposed to background photons impoverishing the )
statistics; statistical accuracies of approximately 10986arps 9 D Heading, J S Wark, G R Bennett and R W Lee
and 20% for 80 ps measurements are obtained. J. Quant. Spectrosc. Radiat. Transf. 54 167, (1995)

The need to ensure less than 1 in 10 pixels exposure and allomea

Uniform, as well as reproducible, plasma production is an issud0- C A Back et al. .

Modeling indicates the Al surface layer facing the Au x-ray J- Quant. Spectrosc. Radiat. Transf. 51 19, (1994)
source heats rapidly (to 15 eV) whilst the Al bulk remains cool

(~1 eV). The strong density and temperature gradients and
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Introduction Gain coefficient

Using multiple ~ 100 ps pulse pumping has led to x-ray laser§o determine the gain coefficient of x-ray lasers, a simple
operating at saturation down to 73YA The other approach of model for homogenous gain in an amplified spontaneous
generating high gain and high efficiency x-ray lasers is als@mission (ASE) laser has been modified and used to calculate
demonstrated using a combination of ~ 1 ns long pulse andthe expected x-ray laser intensity variation with the lehgd

few ps short puls@. Saturated operation of an x-ray laser isthe gain medium for comparison to the experimental
important because it means that the maximum power possiblmeasurements (see figure 1). Allowing amplification in both

for a given volume of excited plasma is extracted by stimulated

emission and usually it means a high drive efficiency is

achieved. In this report, a modified ASE gain model is used to 102 ; ; . . . . .
characterise the saturated Sn x-ray laser output pumped by [
75 ps pulse or 3 ps short pulse. Using this simple ASE model, & 10t} e 4
laser output varying with the target length could be accurately 5 o
calculated and compared with experimental observations. Small = 10°¢ 3
signal gain and saturation irradiance can therefore be derived. ‘g , a
By incorporating the temporal variation of the signal in the g 10 - 3
model, travelling effect can also be simulated and explained. © b ]

Q
Experiment § .

= 10'f L o 3
The experimental set-up is similar to that describéd?ifl. The g gain=125¢m
investigation of saturation and travelling wave effects were © . . . . . . .

0 5 10 15 20 25 30 35 40

undertaken using Sn targets of 2 - 18 mm long and 100 or
200 pm wide stripes coated on glass substrates. To produce a
plasma medium longer than 18 mm, double target coupling was
used. In double 75 ps pulse pumping, a prepulse with 10% ofFigure 1. Variations of the total laser output of the Ni-like Sn
the total energy on target was produced and delivered 2.2 ns itaser at 120 A pumped by 75 ps pulses with target length. The
advance of the main pulse. The peak irradiance of the mairdotted lines are the best fits of the model discussed in the text.
3 .
pulse on the target was20™ Wicnt. _In .CPA pulse pumpINg, " yirections and assuming thatl, andG, are constant along the
a ~ 300 ps background pulse was _|nC|dent 550 ps earlier th asma length and during the x-ray laser transit time, the result
the 3 ps CPA pulse. The peak irradiance for the long pulse a equation (38) from Ped, that is
short pulse were>80% W/cn? and 610" W/cn? respectively. q
Travelling wave pumping was only introduced in the CPA pulse
pumping by inserting a 300 line/mm grating to tilt the wave
front. The primary diagnostic along the target axis was a flat-
field grazing incidence x-ray spectrometer with 1200 line/mmwhere G, is the peak small signal gair, is the total
aperiodically ruled gratings. spontaneous emission, amhdis the saturation intensity. If a
single direction amplification is applied (i.e. travelling wave
umping), the factor of 2 in equation 1 should be dismissed.
e parameten(GL) takes account of wavelength integration
Bt the laser intensity over an assumed Gaussian gain profile and
%an be calculated using the Linfd¥dapproximation.

Target Length ( mm )

G,L=(1- 2:—°)GL + 2:—°a(GL) @

S s

With the optimum double pulse pumping and best couplin
(~ 175 pm radial separation) between the two targets, vario
length of the targets were used to record the variation of th
laser output with the length of the gain medium. The pumpin
iradiances were kept consistent at *1@2 Wicn? for Sn

targets with less than 15% energy fluctuation. Plasma lengths (oL 2 o V2
longer than 18 mm were produced by double target coupling. a(GL) = (e _1)3/ /(GLe )]/ @)

The best coupling efficiency between the two targets isiNe output x-ray laser intensity is given by, =1 a(GL)-
measured to be 50 - 70% by comparing the laser output from@sing equation (1) to (2) then gives a complete fit to the
single 20 or 22 mm long target with double 14 plus 6 or 8 mmexperimental Ni-like x-ray laser intensities through saturation.
targets with the optimum target separation. The total lasem figure 1, the small signal gain for the 75 ps pulse pumped
output as a function of the target length for the long (75 psNi-like Sn (120A) x-ray lasers is determined to be 12.5'.cm
pulse pumped Ni-like Sn, x-ray lasers is shown in figure 1. The saturation intensity to spontaneous emission tgtipis
derived to be 81C° for the Sn lasers. This implies an effective
gain length product of ~ 15 is required for the Sn laser to reach
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10 . . . . . It can be seen in figure 2 that when the travelling wave speed is
faster than the speed of light, a longer gain medium is required
] to reach saturation. For thex@ travelling wave CPA pulse
irradiating a 10 mm target, laser output just reaches saturation,
4 but only a ~ 4 mm long target is required to give the same
output when a Ac travelling wave is used. The calculations
3 show that a 8c travelling wave speed gives a best fit to our
measurement without using travelling wave pumping, which is
in agreement with our experimental conditions wherexa 3
intrinsic travelling wave pumping is produced by the focusing
/ system. Doubling the gain durationAJ = 20 ps, calculation
10t . . . . shows (figure 3) that even a normal incident wave (travelling
0 2 4 6 8 10 wave speed- «) gives less than one order of magnitude lower
Target Length ( mm) laser output in comparison with the optimum travelling wave
pumping. The gain duration is then comparable to the laser
apropagation time along the target. This suggests the travelling

measurements pumped bycltravelling wave CPA pulse and wave effect is much less important in the experiment using 75
the square denotes a CPA pulse with a travelling wave speedphS plumplng pulses. A gain duratloln of 50 I- 60 ps is thﬁhsamfe as
3xc introduced by the focusing system. Assuming a gain decay <, (256" Propagation time in an 8 mm long target. Therefore
time AT = 10 ps. different travellin Wéve offects are shown %quatlon 1 vylthout the modlflcat[on of the tr_avelllng wave
Ps, 9 * effect can simply be used to fit the experimental results
saturation. For the CPA pumped Sn laser (figure 2), the smalhvolving ~ 75 ps drive pulses with a uncertainty factor less
signal gain is determined to be 42 ‘twhich is the highest than that normally introduced by experimental measurements.
signal gain ever measured in a collisional excitation x-ray laser.
The ASE model does not consider refraction, spati
inhomogeneities or other complications possibly present in t

10°F

10°F

17F

Total Laser Output ( nJ )

Figure 2. Ni-like Sn x-ray laser output with target length, for
various travelling wave speeds. Triangles denote experiment

plasma and so the small signal gain coefficient derived from t 1x10 ' ' ' ' '
model refers to the spatially averaged value. Overall good fits 116k ]
figures 1, 2 suggest the simple modified ASE gain model ¢ =

simulate the saturation characteristics of the laser output well. £ 1x1Bk ]
The measured saturation irradiances are determined to 2.

~ 2.9%10" Wicn? and 2.5x10% W/cn? for 75 ps and 3 ps pulse g Ly E
pumping respectively by fitting equations 1, 2 to th 5 1x1bF ]
experimental measurements of the laser output (see figure: &

2). Generally good agreement between the experimer — ., .ol ]
measurements and the theoretical calculations are fufide /

maximum laser output intensity from the long and short pul: age—t
pumped Ni-ike Sn lasers is much higher than both tt 0 2 4 6 8 10
experimental and theoretical saturation intensity, indicating tt Target Length (mm )

these lasers are operating well into the saturation region. Figure 3. Variations of the Ni-like Sn x-ray laser output with

It was found that using a simple treatment of ASE gain for §€ target length for\(arious tra_velli_ng wave speed on the target
homogeneously broadened gain profile (see equation 1) cars labelled. The gain decay tily& is assumed to be 20 ps.
predict the variation of the laser output with the length of the

gain medium through saturation (figures 1, 2). As mentionedConclusions

above, the signal gain obtained by fitting equation 1 represenis .,ncjusion, a simple modified ASE model can be used
the spatially averaged signal gain because the amplifying lasgl,ossfully to calculate the laser output through saturation, and
beams sample dlﬁe_re_nt gain regions as they propagate _throu% travelling wave pumping effect. The small signal gain and
the yvhole target. Similarly, .'f a travelling wave pumping IS Notgaypation intensity of the Sn x-ray laser is determined from the
applied along the target, a time averaged signal gain is obtain est fit. Calculation suggests that the travelling wave effect is

According to the simulations for 3 ps travelling wave CPA : Py

) h . ~ y important when the pumping pulse duration is significantly
pulse pumped Ne-like Ge x-ray last a high signal gain is shorter than the x-ray laser beam propagation time.
reached during the CPA pulse pumping which then decreases

approximately exponentially as collisional redistribution occurs.References
The gain duration is calculated to last ~ 7 ps (FWHM). To
estimate the travelling wave effect for the CPA pulse pumpe(}' J. _Zhang etal,

Ni-like Sn laser, we adopt the gain profile in time from the Ge Science276, 1097 (1997).
laser with a peak spatial averaged small signal gain of 42 cm2.  M.P. Kalachnikov, et al,

as measured in experiment. Phys. Rev. A57, 4778 (1998).

Effect of varying pump pulse propagation 3. G.J. Pert,

If the wave front of the pumping pulse travels along the target J. Opt. Soc. Am. A1, 1425 (1994).

with a speed faster than the speed of the amplified x-ray las@r  G.J. Linford, E.P. Poressini, W.R. Sooy and M.L. Spaeth,
beam (i.e. at the light speed c), a smaller local signal gain is  Appl. Opt.13, 379 (1974).

sampled as laser beams propagate a longer distance along the .

gain medium. By taking into account the variation of signal®> J-Y-Lin, etal . ,

gain coefficient with time, the total laser output for various Gain saturation of the Ni-like x-ray lasers

travelling wave velocities along the target as a function of the ~ Submit to Opt. Comm.

target length can be solved numerically by varying the locag ;v in,

gain coefficient in equation 1, see figure 2. PhD Thesis, University of Essex, 1998.
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Introduction peak irradiance of the main pulse on the target of up to
3

Maximising the efficiency of generating x-ray lasers reduces thé 6x10" Wient.

driving energy required to produce shorter wavelength XTa%he ratio of the prepulse to main pulse irradiance was

lasing. Using double drive pulses (one prepulse and one majfnitored by two fast photodiodes in the laser control area and
pulse) to pump x-ray lasers has been shown to be able {9, gouble-checked by a fast vacuum diode in the target area.
saturate x-ray laser OUtP“t of Ni-like Ag) (14 nm)  Eorshots with high pulse contrast (3},0ne photodiode with

In (12.6 nm), Sn (12 nmj and Sm (7.3 nm} at plasma |egq filtering was arranged deliberately to be saturated by the
medium lengths 18 ~ 20 mm. With double pulse pumping, the,5in pyise which provides a measurable prepulse signal level to

first pulse produces cold plasma from the solid. During the time), compared with the main pulse signal measured by the other
interval between the prepulse and main pulse, the preformeg, :-diode.

plasma expands and forms a long scale-length electron density

profile. The longer scale-length plasma not only increases théhe targets were 14 mm long flat slabs consisting of 75 pm
energy absorption of the plasma from the driving laser (mainvidth and 1 ~ 2 pm thickness samarium stripes coated on glass
pulse) via inverse Bremsstrahlung absorption, but also producesibstrates. The primary on-axis diagnostic was a grazing angle
less refraction of the x-ray laser beam and better propagatidiat field spectrometer with a 1200 lines/mm aperiodically ruled
within the gain region. Previous studi8s © suggest that the grating. The spectrometer recorded emission from 60 A to
level of prepulse irradiance and the pulse interval between th240 A wavelength and from -1 mrad to 11 mrad angular
prepulse and main pulse determine the electron and iofleviation in the horizontal direction (perpendicular to the target
temperatures, the electron density gradient, the laser gain astrface) on an InstaSpec IV back-thinned soft x-ray CCD
the maximum x-ray laser propagation distance in the plasmeetector. The collection angle ~1 mrad of the spectrometer in
and that these parameters control the x-ray laser output. the vertical direction is limited by the entrance slit. The

. . . uniformity and the ionisation balance along the line focus was
In this report, we have made a systematic experimental study of,nitored by a space-resolving and time-integrating Bragg

double pulse pumping of the Ni-like Sm x-ray laser at 7.3 N"Myysta| gpectrometer with a 300 mm convex curvature
The Ni-like Sm x-ray laser has been successfully demonstratet): - «<ium acid phthalate (KAP) crystal (2d = 26.64 A). An
as the sho)rtest wavelength saturated x-ray laser achieved in thg,ched CCD detector recorded the resonance line emissions
laboratory?. To determine the optimum double pulse pumpinggom 7 A to 11 A. For some shots, another crystal spectrometer

configuration, double pulses with various pulse ratios (the ratiQith a 300 mm curvature KAP crystal was coupled to an x-ray
of the irradiance of the prepulse to main pulse) and pulSgyeak camera to measure the time-resolved ionisation balance
intervals (the time between the prepulse and main pulse) Wefg, , the |asing plasma media. The width of the timing slit of

irradiated on _single_S_m slab targets. Tr_]e targets were of .14 MfAe streak camera was set to be 200 um, which gave a temporal
length which is sufficiently short to avoid the laser operating inyego|ytion ~ 20 ps.

the saturation region during the optimisation procedures. We
expect the gain length product from a single 14 mm target iReq)its

3)
<137 To determine the best pump pulse configuration for the Ni-like

Experimental arrangements Sm laser, a series of shots using various pulse ratios and pulse
. } intervals were carried out. Keeping the peak irradiance of the
The experlme_nt was carried out at the Rutherford Appletonain pulse consistently at ~%510° W/cnt (with less than a
Laboratory using the Vulcan Nd-glass laser at W@bBefore 1494 energy fluctuation), the x-ray laser output for each pulse
entering the pre-amplifiers of the Nd-glass laser chain, the eyl is found to peak at various pulse ratios (figure 1). A
stretched oscillator pulse with a pulse duration of ~ 75 psWas  |oer level of prepulse is optimal as the pulse interval is
divided by a beam splitter to produce double pulses With  j,creased. Pumping with the optimum pulse ratio increases the

adjusteble pulse intervals. While keeping the irradiance of the 5561 qutput by orders of magnitude compared with unoptimised
second pulse (main pulse) at the same level, the first pU|Se’p°1Jlse ratios and pulse intervals.

irradiance was controlled by inserting pre-calibrated filters to

produce the required pulse ratio (prepulse / main pulse). AfteFhe brightest Sm x-ray laser has been observed using a 0.5 %
the amplifier chain, each of the Vulcan laser beams coulgrepulse with a pulse interval of 3.5 ns, but the maximum
deliver up to 22 J (in the main pulse) on the target. Three beaneptimised x-ray laser output with pulse intervals of 2.2 ns,
were overlapped onto the target in an 19 mii5 um width 3.5 ns, and 5 ns differ by less than a factor of two (figure 1).

line focus by using a combination of three /2.5 spherical lenses

and three /2.5 off-axis spherical focusing mirrors to produce a
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rises in the plasma, we expect more Co-like and higher
ionisation stage ions to be generated and consequently stronger

T T T T : band emissions from those ionisation stages. A comparison of
stk P;"*l‘fgen"f' | tir_ne-integrated Sm keV _spectra pumped by various pul_se ratios
22ns with a 3.5 ns pulse interval had been made during the

—_ e Zore experiment. Experimental observations suggest that Ni-like
2 4f — 3d emissions show no significant variations, when different
?5’ g e pulse ratios are used. However, the Co-like 4f — 3d emissions,
= e and Fe-like and Mn-like band emissions are significantly lower
o] ‘ when a small (0.01 %) or large (10 %) prepulse is used. The
T pak ¢ spectra of the Sm x-ray laser medium pumped by an optimum
8 level of prepulse (0.5 %) implies a hotter plasma because of the
strong emission from the higher ionisation stages. Higher

Y . . . . temperature in the lasing medium produces a higher excitation

0.0001 0.001 001 01 1 rate and thus higher gains.

Pulse Ratio . . -
A typical time-resolved resonance emission of Sm plasma

Figure 1. Variations of x-ray laser outputs at 73 A as a functioryecorded by the streaked keV crystal spectrometer is shown in
of the pulse ratios for various pulse intervals. The peak  figure 3. The main driving pulse irradiance is shown
irradiance of the main pulse is fixed at®" W/cn, schematically on figure 3 assuming that the start of emission

Prresponds to the start of the laser pulse. In figure 3, 4f — 3d

However, a 1 ns pulse interval gives a factor 4 ~ 7 less sign o - A
than that of the optimised laser output for the other puls and emissions from the Mn-like and Fe-like ionisation stages

: peak slightly earlier than those from the Co-like and Ni-like
intervals. - SO . iy
stages do. There is also a significant difference of the emission
The beam quality of the brightest Sm x-ray laser pumped byluration from various ionisation stages. The duration (FWHM)
double pulses with a 1 ns pulse interval was found to be similasf the Mn-like and Fe-like resonance emissions are ~ 65 ps,
to those pumped by double pulses with 2.2 ns, 3.5 ns, and 5 méiich is comparable with the duration of the pumping pulse. In
pulse intervals. The divergence (full width at half maximum)contrast, the resonance emissions from Co-like and Ni-like ions
and deflection angle (beam pointing angle relative to the targaast ~ 85 ps and ~ 100 ps respectively. The Co-like and Ni-like
surface) of the x-ray laser beam were measured to bemissions peak later and last longer probably because of
2.5+ 1 mrad and & 1 mrad respectively, as shown in figure 2. recombination from higher ionisation stages after the main drive
These values are small because of the lack of significarulse has switched off.
refraction effects in the Ni-like Sm x-ray laser. The short
wavelength and flat electron density profiles smoothed by the
prepulse mean that refraction is small.

6 T T T T
— Ni-like
5 AN | Co-like
Fe-like
T T T T T 4+ /s v\ | Mn-like|
10 (@) m 10ns [
© . ® 22ns || ~ 3F
E v 35ns =}
e 8] ° 5.0ns |7 ol
- 1V ° d ;
% 6 V ou ..‘ o - ) 1r
c v s 8 c
< - . L e — .
5 4] ® - ] = N main driving pulse
8 T o 50 10 15 20
g . Time (ps)
6 —FHH— Figure 3. The time-resolved 4f-3d band emissions of Sm from
() 1 different ionisation stages as labelled. The main laser pulse
— 57 T irradiance is shown schematically as a dotted line.
2 ] o
£ ° o Discussion
E/ 3+ o % i An optimum pulse ratio for x-ray laser output occurs because of
5 « "7 o | a balance between the gain coefficient, the volume of the gain
D o4 v } LI region, and the refraction effects. A small prepulse tends to
g ° produce a small volume of preplasma. Although this suggests a
0 14 A high peak temperature and thus high peak gain coefficient when
' . ' . O] the preplasma is heated by the main pulse, the gain region is
0000 oo ool Tt small and refraction effects are serious because of the small
_ volume of plasma produced and steep electron density profiles.
PulseRatio In contrast, a too large prepulse gives a larger gain region and

less refraction in the plasma, but the peak gain is low. It is also

Figure 2. (a) Deflection angle and (b) divergence of the Sm found that the optimum pulse ratio decreases with increasing
x-ray laser as a function of the pulse ratio for various pulse pulse interval (figure 4). A longer pulse interval implies a
intervals. longer time for the preformed plasma to expand. Although a

large scale-length plasma gives a shallower electron density

rofile, the peak temperature is lower because the main pulse

nergy has to heat up a larger volume of low-temperature

lasma. Hence, a lower level of prepulse is preferred to keep the

The degree of ionisation of the x-ray lasing plasma Wai
monitored by a keV crystal spectrometer. As the temperaturs
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plasma at a high temperature to produce gains when a long
pulse interval is used.

Simulations® suggest that the plasma condition of collisional
excitation x-ray lasers pumped by double pulses can be
quantified by a parameter, the temperature denJifiV£e),
whereV, is the volume of the preplasma just before the arrival
of the main pulse anf is the peak electron temperature during
the main pulse irradiation. A higher temperature density than
the optimum value implies over-ionisation or a narrow gain
region with steep electron density gradients, while a lower
temperature density than the optimum gives low gain and thus
lower laser output. By assuming the density profile is decided
by the prepulse because of the relatively long pulse interval
compared with the driving pulse duration and the preplasma
undergoes a two dimensional expansion, the volume of the
preplasma can be representedVags ~ v °T %, wherev is the
ionic sound speed anf is the pulse interval. Since the mass
ablation and thus the number of electrons produced by the
prepulse is proportional tg [, the lasing electron temperature

is then proportional tor o, /vii, Wheret is the prepulse

duration and 4, is the peak irradiance of the main pulse. If we
assume the ionic sound speed is proportional;rteq wherel ¢

1(f;

=
W
T

Total Laser Output(nJ)

,a
/

1 1 1 1
4.0 45 5.0 5.5
Irradiance(x10 13 W/cm 2)

35 6.0

Figure 5. Sm x-ray laser outputs as a function of the peak
irradiance of the main pulse. The pulse ratio and pulse interval
are fixed at 5% and 2.2 ns respectively. The fitted curve is the
expected variation of x-ray laser output taking account of the

variation of collisional excitation (see text).

is the peak irradiance of the prepulse ani$ a constant, the If we assume the prepulse energy is mainly deposited at the
optimum thermal density can be represented agritical density, a simple balance of the pressuprevelocity v
TuNe Ol 27T 2 Simulations for the Ne-like Ge and laser irradiance at the critical density gives an ionic acoustic

x-ray laser suggest = 1/3, which indicates that the optimum VElOCity v I, which also agrees with the scaling value.
pulse ratio scales e(:,; - ) Ottr2- In figure 4, the best
pre/ e font Conclusions

The Ni-like Sm x-ray laser pumped by double drive pulses has
resultroved to be an efficient and bright x-ray source at short
wavelength. We have demonstrated the first detailed parameter
scan of a double pulse pumped Ni-like x-ray laser using a single
Sm target. Using an optimum pulse configuration has been
shown to increase the x-ray laser outputs by orders of

fit optimum pulse ratio scales aﬁom o728, but Ry oT?

produces a reasonable fit to the experimental
particularly for pulse interval§ < 2.2 ns.

' ' ' ' ' ' magnitude. The optimum pulse ratio is found to decrease as the
1% 3 pulse interval increases, which agrees with the predictions of a
T simple model.
Sl | .
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main pulse increases (figure 5). This can be shown to be due to
the increase in electron temperature with increasing irradiance.
The collisional excitation rate into the upper quantum state of
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Introduction Our results must be seen within the context of much
The work concerns the optical properties of the lasing line§XPerimental work (s for the first study of spatial coherence
from the Ge X-ray laser in pursuit of an intense and spatiallyVith the neon-like Se system) and theoretical analysis )Of the
coherent source for imaging and holographic appncationsf_undamentals of spatial coherence in X-ray laser plasmag (see
Neither application can be optimally explored with Ge radiationfor Summary). Our own recent results for the two target Ge
which is in the 20 nm range of wavelength, because of low(Tay laser with prepuls@ have shown marked dependence on
specimen penetration, but the principles can be considerédivergence angle of apparent source size for 23.2 / 23.6 nm
relating high source brightness and high spatial coherence to tf@diation and small dependence on divergence for the 19.6 nm

high temporal coherence available due to the narrow spectrPectral ””e) J =0 1. Further, for the 23.2 / 23.6 lines in an
line width. We look forward, as X-ray lasers develop, toexpenment2 with a double target without prepulse, on the time

reduction in the wavelengths of bright spectral lines Withdepeqdence .of spatial cohe.rence,. lower spatial coherence was
wavelengths in the water windov2(4 to 4.4 nm) for biological ~associated with higher laser intensity and vice-versa.

applications and shorter wavelengths for materials applications .
Experiment

We report here experiments (without prepulse) with the Vulcarre |ay-out of the experiment is shown in figure 1. The injector
laser at RAL on spatial coherence in the horizontal plane of thgompyrises slab targets Al and A2 in close proximity and the
neon-like Ge X-radiation following single driver pulse gingle and double amplifiers are provided respectively by target
irradiation of slab targets. The horizontal plane is the plangg acting alone and targets A3 and A4 acting together.
containing the optical axis and perpendicular to the targegoypling between injector and amplifier, linked by single-pass,
surface. A number of target configurations was examinedyas accomplished by relaying the output from A2 by a normal
namely a two target “injector”, the injector followed by a single jncidence multilayer X-ray mirror selecting the 23.2 / 23.6 nm
amplifying target, and the injector followed by a double targelompined lines. The Ge stripe targets on glass substrates were
amplifier. The intention was to determine what changes irimilar for all four slab targets (18 mm long for A1 and A2,
source dimensions accompanied the increased intensity of the, mm for A3 and A4) as has been describedeEpch target,
23.2 / 23.6 nm lines of about 70 tim@svhen the injector is  separately, could be uniformly illuminated by driver laser
followed by a single slab amplifier with about double thispegms of 1.06um wavelength each with pulse energy of

increase with a two-stage amplifier. \We have measured the) , 10°Wcem2 and pulse length ns. The optical pumping of
effective source size for the unresolved 23.2/23.6 nm 332 {he amplifier was delayed by 48 0.1 ns relative to the

Ge transitions using the standat®oung's double slit method injector
but with an elaborated diagnosticAif. '
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Figure 1. Schematic diagram showing two target injector A1, A2, concave multilayer relay mirror, and two target amplifiers A3 and
A4. Direct radiation from the face of the injector nearer the amplifier is blocked when the relay mirror isused. Thereis abeam
limiting aperture to reduce the area of the mirror irradiated in asingle pulse: a new mirror area can be brought into place by rotating
the mirror. The aperture had no effect on the angular divergence of the laser beam.
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25mm 2om 25mm records were scanned using a recording microdensitometer and
10pm Soum 1$0pm \Soum a scanning slit of m by 50um as projected into the plane of
-~ -~ -~ ~ the record; conversion of measured optical densities to incident
laser intensity accounted for film non linearity.
Coherence M odel
The fringe visibility measured at the pattern centre using equal
Young's slits is equivalent to the modulus of the complex
degree of coherenc®. In view of the short component
separations, the optical results correspond to near field
conditions. The measured fringe visibilities were fitted for a
e L U, e e given slit separation and known path lengths to the visibilities

calculated® @ using a gaussian model for the distribution of

Figure 2. Schematic diagram of diagnostic incorporating  intensity for that wavelength at the X-ray laser source of the
dispersion by grating diffraction as well as Young's slit 2 o
interference. form | ﬂﬁx’%?% Thus a value of the visibility gave

An example of one of the Young's-slit diagnostics, fabricated irdirectly a value ofs and hence the FWHM = 2.35 of the

gold by electron- beam lithography is shown in figure 2. Thissource intensity distribution. Using the model a value of
has four pairs of slits set out across the diverging beam in fowisibility measured for one slit separation can readily be
slit stations. The slits at each station have a common centre agénverted to the visibility value for that source size as would be
corresponding slits are “laddered” perpendicular to the Young'seen at another separation.

interference direction with a period of eithemd or 2.5um ) ) ) ) .

with equal land and space ratios to cut out the even diffractiod/e were guided in the choice of a suitable gaussian model by
orders. One slit pair at each station has a constant separation&Perimental resul.t@ from spatially resolved direct images of
150 um; the separation of the second slit pair per station varie€ Ge plasma which show the active region to be centred some
from 50pm to 250um as shown. Other diagnostics had 5 or 6100um from the target surface and ~p wide. We took the

slit pairs with different separations or up to seven slit pairs witt50urce model to be a free-standing gaussian intensity
constant separation. distribution with-40< X < .

All the slit patterns were recorded on film and an example of &esults and Discussion

result, for the injector with single amplifier, showing rne hointing angle, i.e. the angle between the direction of the
interference fringes centred on the positive orders of dlﬁractloqnaximum intensity of the 23.2 / 23.6nm line emission and the
gained on Kodak 104.02 film with the diagnostic of figure 2 iSqy metry axis of the target arrangement, varied with the target
shown in figure 3. Visible nearer the pattem centre, in the firsfo g, ration, especially between odd and even numbers of
diffraction order of the diffraction grating with ajdn repeat ot according to the level of refraction compensation, and
distance, are the four interference patterns, one per diagnosfigi, some effects of target alignment, with a range from about
station from unresolved 23.2 / 23.6 nm lines and each one froR .24 t0 15 mrad. Little change was found in the FWHM of
th_e 15.0“m separation Young's 5.|'ts showing similar pa_tternsthe angular distributions of between 10 and 15 mrad for the
with fringes of constant separation. Then further out in they, oe target configurations. Values of the fringe visibilities were
patterns are four first order diffraction patterns due 10 theguen a5 averages between the results for the positive and
2.5 ‘llm grating r:epeat, agalnl Wc'jth thel mterr]ferer.u;]e .pattemEegative diffraction orders and at the same time the angular
8);? apping for the twg unresohve g]va\{%gngt SZ’OV(\)M frlngdes Olistributions of intensity were measured. The visibility values
ifferent separatl_ons ue to the o, -OU pm, km an for given slit separations were converted to FWHM of the
250 um separations. The angular distribution of the laser

: . ; . ! r(\?1aussian source distribution.

intensity as intercepted by the diagnostic was measured fro

the variations in the maximum intensities at the angulaThe FWHM for each target type are plotted in figure 4 for
positions of the centres of each of the Young's interferencangles of beam deviation centred for each case at the maximum
patterns. intensity. The angular ranges are governed by the interception
of the laser beam by the diagnostic and measurements of spatial
coherence have been emphasised towards the conditions of
increased refraction in the target plasmas i.e. larger positive
angles in figure 4.
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Figure 3. Experimental fringe distributions for 23.2 nm and I \"‘”.P\
o : . . o
23.6 nm radiation and the diagnostic of figure 2. . A . : . \
-43 0.0 43 86 129
Experiments were carried out for each of the three separate ( Angular Divergence from Maximum Intensity (mrad)

target configurations each with different separations of source
and diagnostic, and diagnostic to film recording. SomeFigure 4. Combined spatial coherence results for injector alone,
dimensions appropriate to experiments with single and double injector with single target amplifier and injector with double

amplifiers are given in figure 1. Otherwise the diagnostic to  target amplifier. Angular variations centred at angles of
film distances were between 500 and 700 mm. Photographic maximum X-ray laser intensity.
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Large variations of source size across the angular ranges Rferences

X-ray laser emission are found in the results with the injectoq  \j Born and E Wolf,

followed by either a single or a double amplifier, but for the  principles of optics, chap.10,

injector on its own the source size is roughly constant as  perg-amon Press, Oxford, (1993).

measured across the angular range of the beam. From the

trends of the curves of figure 4 there seems no doubt that undér R E Burge, G E Slark, M T Browne, X-C Yuan,

conditions of strong refraction in the plasma and in agreement P Charalambous, X-H Cheng, C L S Lewis, A G MacPhee
with theory® the source size is reduced, according to the target and D Neely,

configuration, by a factor of up to two; the spread of apparent J Opt Soc Am B 14, 2742-2751, (1997).

source size across the beam is also increased following the o - Burge, G E Slark, M T Browne, X-C Yuan,

action of the amplifier(s). P Charalambous, Z An, X-H Cheng, C L S Lewis,

The details of the results of figure 4, as distinct from the general A G MacPhee and D Neely,
trends, are likely to depend on the precise conditions of beam J Opt Soc Am B 15, 1620-1626, (1998).

injection into the amplifiers. There are many variable BRus, C L S Lewis, G F Cairns, P Dhez, P Jaegle

parameters of the: experiment, e.g. target lengths and tIGet y ey b eely, A G MacPhee, S A Ramsden,
Sseparations, axial posiion 0O e relay Tocus mirror wnic C G Smith, and A Sureau,

currently produces a magnification of 3.3 on relaying radiation )

from A2 to A3 with consequential reduction in input angular Phys Rev A 51, 2316-2327, (1995).
divergence, alignment of the amplifiers with respect to the5. JE Trebes, K A Nugent, S Mrowka, R A London,
injector, time delay of the driver pulses at A3 and A4 relative to T W Barbee, M R Carter, J A Koch, B J MacGowan,
the injector etc. D L Matthews, L B DaSilva, G F Stone and M D Feit,

Following from the detailed discussidhof the fundamental Phys Rev Lett 68, 588-591, (1992).

similarities between the properties of the active plasma mediur®. P Amendt, M Strauss and R A London,
for polarisation and coherence, and the demonstration that a Phys Rev A 53, R23-R26, (1996).
plane polarised beam produced from the injector output can b_?
amplified without significant depolarisation, it is consistent that" -
the principal effect of the amplifier stages as found in these e .
experiments is to produce a major change in X-ray laser D Neely,DMONeilland CL S Lewis,
intensity and a relatively small, but experimentally valuable, J Opt Soc Am B 11, 2287-2297, (1994).
decrease in apparent source size. The minimum source sizg, p B Holden, S B Healy, M T M Lightboidy, G J Pert,
observed for the injector and single amplifier configuration, was  j A Plowes, A E Kingston, E Robertson, C L S Lewis, and
23um. D Neely,

J Phys B, At Mol. Opt. Phys. 27, 341-367, (1994).
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Introduction present study is we believe the first to measure the relationship
The parameter space for the physical description of the spati@ftween the time-dependent intensity and spatial coherence in
coherence of the collisionally excited X-ray laser gets evethe X-ray Iast_ar. Practical considerations ha\_/e limited the results
more complicated. This is not surprising bearing in mind thaf® @ single divergence angle near the maximum of the angular
the complex degree of spatial coherence, , is derived from  intensity distribution.
the source intensity distribution by the van Cittert-Zernicke .
theorem. Considering the Ge X-ray laser, the subject of thgxperlmental
present experiments, much experimental work has been carriétdouble slab Ge stripe target was set up at the Vulcan laser at
out aimed to increase the source brightness and improve tfige Rutherford Appleton Laboratory as already extensively
spatial coherence i.e. to make a spatially compact, bright X-ra(\gescribedz) and coherence measurements were made in the
source for applications. Experimental results include studies dforizontal plane i.e. the plane containing the optical axis of the
the angular distribution of intensity in various lasing lines ,optical arrangement and the normal to the target surface. The
temporal variations of source intenshy?, the effects of target total power density on the target was ~ 1.6 X cm?and the
length and gain conditions in single and multiple targétsthe  driver pulse, approximately of Gaussian shape, had a FWHM of
effects of prepulse conditions e.§, besides the direct 700 ps. The experimental set-up is shown in figure 1. The
measurement of source Spatia| coherence (for re&%ﬁe unresolved 23.2 / 23.6 nm Spectral lines of the Iasing Ge plasma
) ) were isolated by a multi-layer X-ray mirror by which the
In many experiments advantage is taken of the facttpab U interference fringes were imaged with a magnification of ~ 0.5.
is given directly by the visibility in the interference pattern dueinterference fringes from a pair of Young's slits, with each slit
to interference when the X-radiation is transmitted by20 pm wide and 1 mm |0ng with slit Separation of ]mh
diagnostics based on two equal parallel Young's slits. Theyere recorded photographically with a total path length from
a!’]gula.r dISt.I’Ibut!OI’] of Spatlal COherenCQ can be Observed t}}’]e source Of ~3.5 m, by a streak Cam%r&]a\/ing spa’[ia|
disposing slit pairs across the angular divergence of the X-rapasolution of 50um and temporal resolution of 50 ps. Fringe
laser output’, for any given target configuration. Such studiessipjlities were evaluated by densitometry of the liford HP 5
may describe the spatial coherence time-averaged over the Usy@l, ysed in the streak camera. No time fiducial was available
ns or so of the X-ray laser emission following a single pulse ofnq the time origin of the streak camera was set by relating the

the driver laser(s), which is the usual result, or may, ingxperimental data to the time development of X-ray laser
principle, provide time resolved measurements of the onset angensity as derived from plasma modellﬁgg

decay of the linked source intensity and spatial coherence. The

Streak camera
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Figure 1. Schematic diagram of optical system at the Vulcan laser.
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Results and Discussion These FWHM values are consistent with the range of published

The rate of onset of X-ray laser intensity is shown in figure zgalue_s for the source sizes of neonlike collisional X-ray lasers

Combined 23.2 / 23.6 nm radiation was detected over a periogt 't i not surprising that increased source intensity is gained

extending from ~400 ps after the driver pulse arrived toVla an increase in source size, but it is nevertheless

1100 ps. The FWHM is ~260 ps, much shorter than the drivefliSappointing that, for these wavelengths and double target
pulse, and the development of increasing intensity has a slow&pnfiguration, increased intensity is associated with reduced

build-up than its decay. Measurements of the fringe visibilitySPatial coherence even though the change with time through the
were possible with acceptable signal to noise ratios for timeBUlSe in source FWHM is less than a factor of two.

between 600 ps and 1000 ps after the initiation of the pulse and
are shown in figure 3. Also in figure 3 are shown values for thé*cknowledgements

FWHM of the Ge X- ray laser source as derived after fitting to aVe are grateful to the Leverhulme Trust and to AWE

coherence equatior? assuming that the source can be Aldermaston for financial support and to the Engineering and

represented by a Gaussian distribution of source intensity. Physical Sciences Research Council for use of the Vulcan laser.
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Introduction laser onto the detection plane. An x-ray CCD camera was
Saturation of a gain medium occurs when stimulated emissioRlaced at the focal plane of the grating to record the intensity of
becomes a significant depopulating process on the uppdp€ X-ray laser transitions. The X-ray laser output was recorded
quantum state population. Saturated operation of an x-ray lasf}r @ number of gain medium lengths by varying the lengths of

is important because it means that the maximum power possib{B€ target materials irradiated. For lengths below 18mm, only
for a given volume of excited plasma is extracted by stimulate§ingle targets were used.

emission, an output sufficiently intense for applications iSapove saturation, reduction of the lower gain coefficient line
produced and the laser output is reproducible from shot-to-shoftensity with increasing gain medium length has been observed
Saturation of x-ray Iaser_s is usual!y dlagnqsed by measuring ﬂ‘(ﬁgure 1). It may be seen that once the 5.86 nm line saturates it
laser output as a function of lasing medium lentitand by  causes the lower gain 6.37 nm line to also stop increasing in
measuring the absolute output irradiance for comparison tgytensity with the length of the gain medium. In the saturation
calculated saturation irradianc®s Confirmation of saturation regime, the integrated intensity of the high gain transition
can be seen by making the difficult measurement of the lasing,creases linearly as a function of plasma length. This process
line spectral width to check gain narrowifig There is a need depopulates the common upper lasing level through stimulated
for another independent check of the onset of saturation. emission. The increased depopulation actually causes a net

In this paper, we report the first observation of saturatededuction in output for the 6.37 nm line with longer gain
operation for the Ni-like Dy x-ray laser at 5.86 nm and 6.37 nnfnedium lengths.

and describe how the saturation behaviour of the two lasing
transitions can act as a signature for saturation in Ni-like x-ray = |
lasers. Ni-like Sm at 7.36 nm was the shortest saturated laser
wavelength previously reportetl The Ni-like lasers exhibit ~ *°
gain on two J = 0- 1 transitions emanating from the same_ 1=
upper quantum staté\n equation for saturated gain is foundgs
from a rate equation model and by integrating along the ga%\ 1
medium length an expression is found for the variation of th@ 1ot

Ll

Ll

L)

T

output lasing intensity for the two transitions. We show that —— 5.86nm -Fit (Gain = 9cm™; I/l =8x107)
experimentally measured laser output for the Ni-like Dy vE F/2 N 6.37nm - Fit (Gain =7.5cm™; 1,/l, =7x107)
transitions at 5.86 and 6.37 nm wavelengths is well reproduced wF = sy
by the simple modelling if we allow the small signal gain . ) ) . . . —
coefficients as fitting parameters. 0 1 2 3 4 5

Length (cm)
Experiment Figure 1. Plot of the output intensity of the 4d-4p J=D

lasing lines for the Ni-like Dy x-ray laser as a function of

plasma length. The experimental points are shown by the

triangle and circle data points for the 5.86 nm and 6.37 nm
lasing lines respectively. The solid lines represent the fit from
the double line saturation model with the plasma conditions
represented in figure 3 and gains of 9'camd 7.5 cn.

Six beams from the Vulcan 1.@8n Nd-glass laser with pulse
widths of 75 ps were employed in a standard off-axis line focus
geometry? to irradiate Dy stripe targets. The targets were
pumped using a double pulse configuration in which a prepulse,
with 10 - 20% of the total energy, was incident on target 2.2 ns
before the main pulse. The prepulse generates a pre-plasma
which reduces the densi_ty gradients in the direct_iqn away frorﬁate Equation and 1-D ASE Model
the target surface. This allows for more efficient energy . . )
coupling from the main pumping pulse and also serves ta’he steady state rate equations for the three levels involved in
reduce refraction effects, which can deflect x-ray photond\Vi-like x-ray lasing can be written as:

prematurely out of the gain region. Three beams were focussed E&U r d

by /2.5 off-axis spherical lenses onto each target plane ina _ 0g 331 0 Dogiy 0 1)
20 mm length line focus with a width of 1Q0n. After taking "1~ 1W+ Alog_ NSH hug, + A315

into account energy loses in the system this arrangement H H

delivered intensities of ~2x10%cm? on target. The stripe

targets were of length 18 mm and were set 180° opposstin E'.‘LSU i 0 _

other with 150-175um separation between the target surfaces.R =N dg, 8232 . E_N DUD 30l3 N H 2
X-ray laser coupling efficiencies of 50 - 80% between the two 2~ 20 hu,, AZOD 3H hug, A3ZH

targets are achieved in this arrangenient H |

The time-integrated output of the x-ray laser was measured - 0 oo .
using an axial flatfield spectrometer. Gold reflection filters and oo ool . E‘gs”slfslg Bgia32f325 3)
an aluminium foil filter were used to spectrally isolate the r,=n, 13131, 8232 , o Oy 571 0N, G2 il
Ni-like lasing lines at 5.86 nm and 6.37 nm. The spectrometer hugy  hugp . hug S hog .
aberration-corrected concave grating (average line spacing of o o 0 o

1200 lines/mm) at 3° grazing angle incidence imaged the x-rawhere R, R, and R are the pumping rates into the excited
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quantum states, NN, and N represent the populations of the _| =g_| _(931 - 932)| (18)
respective energy levelgy, is the stimulated emission cross
section between level andl, g,, g, andg, are the statistical
weights for the levelsA,, is the spontaneous decay rate from
levelu to | and hy, is the transition energy between levels
andl. We write A = Agy + Az + Asy Numerical simulation of the Ni-like Gadolinium x-ray laser
~ using the 1.5D hydrodynamic and atomic physics code
The intensity T, for a given lasing line integrated over the EHYBRID ” gives the predicted values for the plasma

Through combination of Eqns. (11-18), it is possible to plot the
intensity of the two lasing lines as a function of plasma length
(figure 1).

emission profile(v) is given by: conditions at the position of peak gain. Combining this

~ 1 information with atomic dat3, we may calculate the values for

ly =—=J1(v)f(v)dv (4) the saturation intensities using Eqns. (9,10) agdahd ,
f(o) values, using Eqgns. (14, 15), for the two lasing lines of Ni-like

where I(U) is the intensity at frequency f(u) and f(o) Dy by assuming that the plasma conditions for IasingYWith Gd
; . (Z=64) and Dy (Z=66) are similar. We obtaplk = 8x10’ for
are thg line shape factors at frequenay and line centre, the higher gain 5.86 nm transition anld = 7107 for the
respectively. ) " ; 3
lower gain 6.37 nm transition assuming Doppler broadening for
The gains for the two x-ray lasing transitions are given by: the evaluation of o3 and 63 The EHYBRID calculated gains
ON N. O ON N O are effectively spatially averaged by the propagating x-ray laser
Gy = 0502 ——L0, Gy, =0 gSD_3__2[| (5), 6) beams and will differ for Dy from those shown for Gd.
0g, g0 32 32 593 % H Consequently, we have adjusted the small signal gain
. . : ) . coefficient assumed for the model (Egns. 11-18) to fit the
\évgr;?zigunﬁﬁgazlr?;lﬁg igﬂstl)):a 3\2:;‘;? aligs. (1-3) and neglectin xperimental data (figure 1). The best fit values are 9 amad
' 7.5 cm for the 5.86 nm and 6.37 nm lines respectively. Such

Gy :% ,Ga, :% (7), (8) gains are consistent with the gain profiles peaking at 1% cm
0 g 0 g ¥ i i
1+ DII a IIilj 1+ Dllgl . :ﬁg and 13 crit for Gd after allowance for spatial averaging.
Stoos2 e . s . . Conclusions
where the saturation intensities for the two lasing transitions ar_F . .
given as: o summarise and conclude, saturated lasing has been shown
) CA 4 h for the first time at wavelengths below 6 nm with the Ni-like Dy
lg = (A30 ) ASZ)Aio ¢! (9) xray laser. The output dependence of a two transition amplified
O O O spontaneous emission x-ray laser with gain medium length was
EAHJ +§(A30 + ASZ)EUSl characterised with a simple rate equation and one-dimensional
ASE model. The ASE model developed in this paper predicts a
| = (A + Ay + Agy) A, drop in intensity for the lower gain transition with the onset of

s2 (10) saturation for the higher gain line in approximate agreement

0 a
EAzo*'%(Aso*'Aﬂ)EUaz with the experimental results. We have shown that such

} ) ) o behaviour is symptomatic of the high gain transition operating
and gy, gs, are the respective small signal gain coefficients. within the saturation regime.

The gain coefficient decreases when the lasing intensity is largﬁeferenc&s
because stimulated emission becomes an important factor In ] ]
determining the population of the upper lasing level. Expandind- J Zhang, A G MacPhee, J Lin, E Wolfrum, R Smith,

on the analysis of Per?, we may establish a relationship C Danson, M H Key, D Neely, J Nilsen, G J Pert,
between gain and the length of the gain region for both G J Tallents, and J S Wark,
transitions as follows: Science 276, 1097 (1997).
2. JZhang, P J Warwick, E Wolfrum, M H Key, C Danson,

o lOID |02 IOl |02 (ll) H H H

Qo = -2 5yl -2, % Gy +2|f0/(631|)+2|fa(632|) A Demir, S Healy, D H Kalantar, N S Kim, C L S Lewis,
= = s s J Lin, AG MacPhee, D Neely, J Nilsen, G J Pert,

gul = H-21925 -2 lorg 1 olo (g 1)+ 2002 a(Gy) (12) R Smith, G J Tallents, and J S Wark,

O ‘10 le o le

Phys. Rev. A_54 (1996).
3. JAKoch, BJ MacGowan, L B DaSilva,

The parametes(Gl) takes into account wavelength integration D L Matthews, J H Underwood, P J Batson, and
over an assumed Gaussian profile and is given by the Linford S Mrowka,
approximatior? as: Phys. Rev. Letts. 68, 3291 (1992).
3
Gl n 4. CLSLewis, D Neely, D M O'Neill,
% ‘1% J O Uhomoibhi, M H Key, Y Al Hadithi, G J Tallents,
a@)=—— (13) and S A Ransden,
i Opt. Commun. 91, 71 (1992).
%IeGI %2 p . 3 ( )
5. G JPer,

The total emissivity divided by the small signal gain coefficient J. Opt. Soc. Am. B 11,1425 (1994).

for each transition is given by:
9 y 6. G JLinford, E P Poressini, W R Sooy and M L Spaeth,

log :igh » op :h&hv (14), (15) Appl. Opt. 13, 379 (1974)

Ty 477 Tz AT 7. JAPlowes, G J Pert, S B Healy, and D T Toft,
where €2 is the solid angle into which the spontaneous emission Optical and Quantum Electronics,Z8 9(1996).
is amplified. The output x-ray laser irradiaricés given by: _ . _ o
Ly = 1o@(Gagl) , 115 = 10, (Gol) (16), (17) 8. H Daido, S Ninomiya, T Imani, Y Okaichi,

M Takagi, R Kodama, H Takabe, Y Kato, F Koike,
J Nilsen, and K Murai,
Intl. J. Mod. Phys B 11, 945 (1997).

By subtracting Egn. (16) from Eqgn. (15) we get:
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Transient Gain in Ni-like Ag using Ultra-Short Heating Pulse
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Introduction phase velocity ¢ along the line focus. The second stage is to

Recently installed at Ecole Polytechnique, the CPA system hd§ne the distance between the gratings to make the plane of best
been successfully utilised to demonstrate lasing in Ni-like AgcOmMPression coincide with the target plane.

using an ultra short sub-ps heating pulse and a travelling wavgs seen in figure 3, the method introduces variation in the pulse
irradiance geometry. Here we report on the new high power gy ration across the line focus though this is kept to within a
laser system at LULI and the results gained from its first Usegcior of two between the wings and the centre of the line focus.
These experiments were funded under the auspices of thge travelling wave velocity was measured experimentally
European Union TMR Programme. using a set of optical fibres and an ultra-fast optical streak
camera as indicated in figures 2 and 4. The pulse durations at
New CPA systemat LULI the centre and edges of the beam were measured using a second
Shown in figure 1 is the new CPA facility at LULI. The output order autocorrelator. Both the Travelling Wave and pulse
from a Titanium Sapphire oscillator is stretched and passed t@urations measured agreed with calculatns
the regenerative amplifier. After passing through the rod
amplifiers and the final disc amplifier, the stretched pulse is
split three ways: firstly, a prepulse of about 0.1%; then a main
preforming pulse; and finally the short main heating pulse.

Ti:Sa 1nJ 80fs 200pJ, 1.3ns Ti:Sa
Osillator [ 16 nm Sl 16 nm Regen
< >100J, 450 ps Mixed Nd:glass chain 1mJ, 700ps  y Figure 3. Peripheral Temporal Shearing.
6.7 nm 9nm
! Experiment
2 . . o .
fﬁ‘;ﬁm 30J,3001s The experimental setup is shoyvn in figure 4. A beam splitter
' i Target had to be employed to recombine the three beams in place of
»| chamber the polariser. This limited the total energy before splitting to
) 60J, 450 ps 30 J as opposed to 100 J in the original design, reducing to 5 J
Figure 1. The new CPA chainat LULI. the CPA energy on target. The main diagnostics were two time

integrated flatfield spectrometers positioned at either end of the
target to view emission with and against the Travelling Wave.

Method for Generation of the Travelling Wave
1 1 1 0, -
An alternative method to that employed at RAL for generatingThe pulse configuration comprised a 0.1% pre-pulse of length

: ; . 450 ps, 3 ns prior to the main preforming pulse also of 450 ps
}%irga\éelgr:g \g:;lzjl evlvalf Oert?g\l,?ﬁie:?g V\\llvg?/'; t?a%;grzatflrogrﬁ It?] atduration. The main heating pulse arrived on target 550 fs after
. - : ; : . this second pulse and was varied from 350 fs to 1.7 ps duration.
!ntroduced by I|ne_ focus c_>p_t|cs) exists. The travel_lmg Wave Srpe target g slab of silver 10 mm across, was irragiated by a
introduced by slightly tilting the second grating in thei{ine focus ,Of 12 mm in length by 70 um Wi,de. The CPA pulse

arrangement. In the experiment it was found that tilting th . )
grating by 0.3° was enough to achieve a travelling wave wit ength was checked prior to data shots using a second order
autocorrelator.

+43,5 mm -435mm vers Autocorrélateur

|45 mm Results

\\ x I_:_E:hf;g Est Figure 5 is an image taken on the FFS looking at the output in
l435mm the direction of the Travelling Wave. It shows strong lasing on
T the Ni-like 4d-4p line in Silver at 139 A. The pump in this shot
comprised a prepulse of 5 mJ (1.3%Wcm?) followed by a
main preforming pulse of 5 J (1.3X£@Vcm?) over 450 ps, and
vers Fibres finally an ultra-short main heating pulse of 350 fs giving
1.7x10° Wem? at beam centre. The peak divergence measured
12 was different than that found on previous experiments at LULI:
The 130 ps pumping had yielded XRL divergence of ~2 mrad.
The divergence here is far larger at about 13 mrad, as can be
Miroir seen in the flatfield image. The output angle is also significantly
paraboligue larger (~13 mrad instead of ~4 mrad in the 130 ps experiments)
indicating that refraction of the XRL beam is important.

Spectro

e

\ Ligne focale

Miroir
sphérique
hors axe

-435mm

Figure 2. Generation of the Travelling Wave.
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to 2nd order target
autocorrelator . chamber
travelling
‘ wave off-axis
! target Paf?mb
main - prepulse : A
pulse 0.1% 1 y
- |
T i
| 1 spherical
1 mirror . . .
L polariser | (a) looking into Travelling Wave
1 => beam | | 1
| splitter \: 3ns 550 fs
r - = 1 \
- - A2
T i
p—r ;\ ~ 1 !
(b) looking against Travelling Wave
T streched pulse vacuum, double-pass Figure 7: FFS images with Travelling Wave
450ps 30 compressor switched off
Figure 4. Experimental Setup. (1.7 ps pump).

B 13+3 mrad 1.E+06
® ang. max.
| anfg. integ.
1.E4+05 | Gfit
10 mrad 13 mrad 18 mrad = 1.E+04 //
8 i
: _r n— > i [
Figure 5. Ni-like Ag lasing line. & LE+03 ¢
g z
. . . Z1E+02 ¢
Next, using a 500 fs heating pulse, the effectiveness of the
travelling wave was tested. With the Travelling Wave switched : )
off an inherent Travelling Wave of 3c present due to the  1.E+01 - /
focusing optics. Under these conditions the lasing line . /
disappeared from the FFS looking into the Travelling Wave as 1 E+00 v

shown in figure 6. In both cases (with and without Travelling 0 0102 03040506070809 1 11
Wave) the lasing line was absent on the other FFS viewing
against the Travelling Wave. Plasma Length(cm)

Figure 8. Gain-Length Scan (500 fs pump).

Conclusions

To summarise then, a new CPA system has been installed and
successfully utilised at Ecole Polytechnique (LULI). Lasing was
achieved in Ni-like Ag using the transient pumping scheme
with an ultra-short 350 fs heating pulse The angular

Figure 6. No lasing with Travelling Wave switched off (500 fs characteristics of the XRL using this pump differed from those
pump). of the 130 ps pump. The effect of introducing the travelling

wave through grating tilt was tested and shown to provide
The pump was then changed to 1.7 ps duration and trg/gnal enhancement of up to a factor of 80 for the 1.7 ps pump.

Travelling Wave was again tested. It was found that the lasin ffith ulgrat;sh?rt plljlmpirc/\g/ pulses of the o(;der bOf 350 fls,Ttr?_e
intensity was decreased by a factor of 9 in the direction of th ect of the Travelling Wave was expected to be critical. This

Travelling Wave while being increased by a factor 10 in theg
direction opposing the Travelling Wave (see figure 7).

ssumption was vindicated in that no lasing was seen using a
50 fs pump without Travelling Wave. Finally, a gain of
14.5 cmt was measured with a main heating pulse of 500 fs.
Cross calibration of the spectrometers reveals that the ratio of

emission with and against the Travelling Wave is about 80.  References

Finally, a series of shots was taken to provide a gain Iengtpr A. Klisnick et al,

scan. Each shot was of 500 fs duration constituting irradiance Proc_eec;lmgs of thé'ainternational XRL Conference, IOP
on target of ~18 Wem? Two sets of data, angular peak and - uPlishing, 1998.

angular integrated, were taken. 2. JC Chanteloup et al,

Proceedings of thé8nternational XRL Conference, IOP
Publishing, 1998;

Chanteloup et al,

Rapport LULI 1997

As seen in figure 8, exponential increase was obtained up to
target lengths of 7 mm, where roll off from the Linford fit
occurs. It is thought that this is a result of refraction since the
presence of the Travelling Wave prevents effects of finite gain
duration. The plots indicate a gain of 14.5 cwhich yields a
maximum GL of 10 at L=7 mm.
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Near Frequency Doubling through Four Wave Mixing in Plasma
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Introduction (bAk)O

_ pt
Progress in the past decade has seen a considerable increase in Noptimum ‘T @)
the output power of XRLs along with an extension of
demonstrable saturation to higher Z eleméht$his, combined The electron density needs to be below critical for the
with the success of the Ni-like scherfle makes viable the constituent beams and low enough such that angular phase
option of utilising nonlinear effects to extend the operatingmatching can offset dispersion. The graph in figure 2 indicates
wavelengths of our XRLs. that for an electron density of ¥ocm?, phase matching is
achieved when an angle between the XRL and the optical

_In most media absorption_ of radiatior) at soft x-ray Wavel.engt%hoton of 0.2 is arranged. This corresponds to an angle ¢f 0.4
impedes the demonstration of nonlinear effects. One is le etween the two XRL photons.

therefore, to consider the home environment of the XRL,
plasma, as a candidate medium. This constraint in turn limits
experiments to odd order effects only, due to the inversior
symmetry of the isotropic plasma. The options presented to u §
are then: Third Harmonic Generation, Four Wave Sum Sum 3
Mixing or Four Wave Sum Difference Mixing.

/

THG would require a mixing ion with four equally spaced,
dipole connected levels. Even if one was fortuitous enough tc /
find such an ion, analysis by Bjorkluitlindicates that, in an L~
isotropic medium, this process can be phase matched only und

loose focusing thereby reducing the mixed output. Though 100E+12  100E+14  100E+16  100E+18  100E+20  100E+22
viable species for FWSSM can be identified, the same phas ] Electron Density () .

matching constraints apply here as with THG. FWSDM, Figure 2. Angular Phase Matching Requirements.
though, has a number of identifiable mixing media and can be

phase matched under tight focusing.

XRL co-angle (degrees)
o [l N w > (6]

. The expression for the FWSDM process can be simplified in the
Four Wave Mixing. near resonance cade
The FWM process involves the combining of three photons,
two XRL and one optical, providing an output at a frequency (3)(—w 200, ):i
governed by the sum of the constituent input k-vectors. Irf" 10k CopT )= 03 Z
FWSDM, this amounts to near frequency doubling of the XRL eg
input. The process is illustrated schematically in figure 1. xg 1 % 1 g 2

W ~ 2005~y IZI:FU41_(2('~’><RL _wOPT)_ir41|:|

Kyr! Kye! The sum is over the allowed closed loop routes through the
/’N @ energy levels of the ion. As we work on near resonant cases
only, it is sufficient to sum over the allowed L-S split levels
Kaxrl-ont Kopt only. Thel;; terms represent broadening mechanisms in the
plasma. Thep,; term represents the thermal population of the
relevant sublevel of level 1. The Grotrian diagram in figure 3
erl erl . .
illustrates the process, where two XRL photons excite to level
K (b) four. The optical photon then stimulates the transition to level
three, providing inversion over level one and giving an output
at near second harmonic.

0 2 g
57.
Faolloshan g Pry By — e — IF21E

Koxrl-ont opt

Figure 1. Phase Matching

As we choose to work in a dilute medium, there will be few
contributors to the nonlinear effect. Hence resonances to
transitions in the mixing medium are sought in addition to the
qualification of phase matching. This reduces the selection of
suitable ions, due for the most part to the lack of information on
highly ionised species. As a result, much of the work done to
date, and that presented here, is based on sodium-like ions,
which have an energy level structure appropriate to FWSDM.

Figure 1a represents the perfectly phase matched case, where
the signal will grow quadratically with distance travelled in the Figure 3. Generic Sodium Grotrian Diagram.

mixing medium. In figure 1b, a phase mis-match has been

introduced. This is primarily due to dispersion from the freeSchemesand Modelling

electrons in the plasma and, to a lesser degree, the differencedf Queen’s University we have developed the facility to
the phase velocities of the constituent beams. This implies thegy|culate ab initio, the values for the susceptibility of the FWM
that for an optimum phase match, there also exists an optimugtocess. The atomic simulation code SETCIV3, computes
electron density. The relationship is as in equatidr' 1 values for the energy levels, oscillator strengths and other
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parameters of the ion from Hartree-Fock approximatins Figure 4 exhibits behaviour which one would expect: The first

This code was developed by Prof. A. Hibbert of thepeak is that of the two photon resonance to the 7p level. The
Mathematics department. The atomic data agrees with thatructure in this peak is due to the L-S splitting of the level. The

previously published®. From this information, the reduced second peak, exhibiting no structure, arises from resonance to
matrix elements can be calculated and using the Wigner-Eckatite 4s level.

theorem, the dipole matrix elements for the various relevant dicated th i ibl lovable XRLs f
transitions are calculated. A code has also been written to dedl?/c@1€d on the curve areé two possibly employable S for

; ; ; S this particular mixing medium. Both schemes have quite high
with the numerical calculation of the susceptibility. As stated P : o
b y 'susceptibilities for FWM. For our case though, in the code it is

due to a lack of information, we have been confined to i instructive t i dcul lenath of
considering only sodium like ions to date (though our codes wil omelimes more Instructive 10 set a particular wavelengtn o
RL and then vary the optical wavelength, since this we have

presently be modified to include Cu-like and perhaps C-lik

ions). In table 1 below, we present a selection of new pIasméf“—omeWhat more control over.

XRL couples, the emphasis here has been placed on findinghe graph in figure 5 is also for sodium like KIX, this time with
resonances to the transitions in the ion, whereas previoife XRL set at the wavelength of Ne-like As, and the optical
publications presented matches with demonstrated XRLphoton energy varying. It shows a somewhat non-critical
operating the FWSDM process off resonariteln addition, dependence upon the optical input beam wavelength. This
analysis has shown that the process is more critically dependefbuld suggest that employing a tunable optical laser in this
upon resonance at the shorter wavelengiths scheme would provide a tunable output in the soft X-ray region
g/gith applications in spectroscopy. The peak here is due to

Some of the lasing materials suggested may not be tho
g 9% Y fesonance between 7s and 7p levels.

routinely used in laboratories, but as the modelling will show, i
is imperative that one try to demonstrate the effect close tQyith respect to executing an experiment though, the materials
resonance, where the susceptibility can be enhanced by up it this example would present some practical problems: As

four orders of magnitude. stated, the phase matching conditions depend on the electron

Mixing XRL Optical x?(cgs  Output
Medium (Angstrom)
ArVIII(143eV)  NelikeNi @231.18 Nd 1w @ 1.056m 10 116.86
K 1X(176eV) Nelike As @ 189 Nd 1w @ 1.056m 10%® 95.35
K 1X(176eV) Ni-like Mo @ 189.1 Nd 2w @ 0.53m 10 98.29
Ti XI1(291eV)  Ni-like Sb @ 114.25 Nd 2w @ 0.53m 10%® 57.74
V XII1(336eV)  NelikeBa@ 97.93 Nd 1w @ 1.056m 10 49.19
V XI111(336€eV) Ni-like Cs @85.9 KrFor Nd at 4w 0% 43.70
Cr XIV(384eV)  Ni-likeCe @85.19 Nd 1w@ 1.056m 10 42.76
Mn XV(435eV)  Ni-like Sm @ 73.55 KrF @ 248nm 10 37.32
FeXVI(488eV)  Ni-likeTh @66.29 Nd 1w @1.056m 10% 3325

Table 1. Proposed new FWSDM Schemes.

The final transition from which the near second harmonic isglensity, control of the density is best provided through use of a
derived has a&2J+1 weighting. Therefore, in the calculations of gas jet; also the materials themselves (K, As) would require a

)((3), the final transition is set resonant to the j=3/2 level. Thd'On trivial amount of care in handling.

susceptibility response curves then take iatwount in the  An alternative scheme would involve sodium like ArVIII using
calculations only those transitions which resonate in a closeghe Ne-like Ni laser at 231.18 A. The response curve for this
loop back to this level. This does not effect the overallprocess is shown in figure 6.

numerical values fox, as the contribution from the j=1/2 loop
is typically three to four orders of magnitude lower than that o
the 3/2 loop. The results of the modelling agree with thos
published by Muendel and Hagelstgin

lasma will be detectable on our diagnostics. The code has been
dapted to compute the output intensity at near doubled
frequency. Characteristics are shown in figures 7 & 8.

gor experiment, we wish to know if the output from the mixing

Susceptibility Vs. XRL Energy LEa1 Susceptibility Vs Optical Energy
1.E-31 LEa 1 15 2|5 35
1.E-32 65 655 6 665 67 67-
1.E-33
1.E-34
1.E-35 \ /\
1.E-36
1E-37 A &W s /N
1.E-38 \//
1.E-39

L.E-40 15 ke Mg '
1E-41

a
[ee]

1E33

1E34

1.E35

A \
l\ 2wVULCAN \

BwVULCA

1.E36

X (cgs)
[X] (cgs)

1.E37

1E38

1wVULCAN

1E39

1.E40

XRL(eV) XRL(eV)

Figure 4. Response curve for KIX. Figure 5. Optical response for KIX.
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Susceptibility Vs XRL Energy 5x 108 mm
1.E33 beams(1,2,3,5,6)
52 52.5 %\ 53.5 “ 54 54.5 55 soan 1x 150 mm
~30em beam(7 or 8)
1.E-34
\ /\ Flat-field
1.E35
[ \__|/ \x
>= Ne-lik¥i
= LE37 / \ &
1E38 /
Ne-like Ge
1E39 108mm
XRL(eV) Optical mixing beam(4)
Figure 6. Response curve for ArVIII. ] ) ]
Figure 9. Experimental Schematic.
LEA2 Non Phase-Matched output Recently, five beam target illumination for the production of the
LE+0 XRL has been developed at RAL This provides a line focus
1Es08 of up to 40 mm and also leaves one of the main six beams free.
& eos A longer pulse length is to be employed on the beam ionising
EIBM ) the gas jet, while using the remaining 108 mm beam (delayed)
Siew \ /\ for the mixing process (which would have a pulse length
% LEv00 thp N suitable for FWM). The gas will be ejected vertically from the
= 1'50255/ 8 As B\ 6is & —als 68 base of the chamber and irradiated by a line focus. The output
1'504 V from the XRL will ideally be split using a transmission grating
l.E-OG f to permit angular phase matching. The XRL photons then

combine with the optical mixing beam in the gas jet. Detection
of the NSH photons is provided using a thin glass plate ‘at 10
giving reasonable reflection at both first and near second
harmonic into a flat-field spectrometer equipped with a back

The safest yardstick for assessing the output is operation in ndfinned CCD detector.
phase matched mode, this being the worst case scenario. Bgth

curves showing the output intensity are calculated assuming &l onclusions _
XRL intensity of 16° Weni? and an optical intensity of New schemes for the FWSDM field have been presented,

102 Wem?, at an electron density of focm® These involving both Ne- and Ni-like XRLs. A viable experimental
parameters should be easily reproduced in the laboratory. ~ Seét-up has been presented. The intensity of a phase matched
output at near second harmonic should be easily detectable with
current CCDs. The non-critical dependence on optical input

XRL(eV)

Figure 7. Response curve for KIX.

Non phase matched
1.E+09

LE+08 ﬂ h suggests the possibility of developing a tunable XRL with
_ B0 It i application to spectroscopy. It would appear that the time has
o 1L.E+06 . . . . .
< 1ews 1\ { t\ come for an experiment in this field to be carried out.
© 1E+04
2 1m03 JARRN \ References
2 1E02 / N Ne-liRs, _
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Figure 8. Response curve for ArVIIl.

The results indicate that for non-phase matched operation one
should expect conversion rates of°l&nd 1 for the KIX and
ArVIIl schemes respectively. Allowing for, say, #(photons
from the XRL (this is typical) one should expect about
1¢® photons at the doubled frequency. For our back thinneg'
CCD we require about 1000 photons per pixel, making
detection of the NSH feasible. This is of course the least signal

we can possibly expect, being non phase matched. The sigral
will rise exponentially with propagation in the plasma as long as
phase matching is satisfied. 7

Experimental setup

The experiment is to be carried out on the Vulcan laser facility.
Design is incomplete at the time of going to press, therefore a
cursory schematic only is presented in figure 9.
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Introduction Observations

Radiation emitted in the vicinity of the fundamental is relativelyPotentially most interesting was the observation of emission in
straightforward to collect and measure, and hence is invaluabltde region of the 3/2 harmonic. A typical spectrum is shown in
as a diagnostic tool. Such tools are vital if plasma parametefigure 2 for two different laser pulse energies. Firstly, we note
such as density, temperature and scale length are to be knownthat there is remarkable similarity in the two graphs, and that
inform developments in short pulse laser - solid targetshot to shot variation is small. Secondly, it is worth pointing
experiment and theory. out that the position of the peaks was not affected when the

rget material was changed - although the relative strength of

The point of interest here is the position and structure OEe different peaks did vary. Peaks at 65.560 and 1.36
fractional ‘harmonics’, often occurring near 3/2 of the incidentWere particularly common ' " '

frequency. The theoretical background to such features is
discussed, and the suitability of mechanisms for explaining thintensities at the central focal spot can be inferred both by

observed phenomena is assessed. CR39 track analysis, and by combining the shot energy (from
) calorimetry) with the focal spot size (found from a soft X-ray
Experimental Layout penumbral image). What is seen is that the lower intensity

The experiment was conducted in Target Area West of théocus actually gives a greater brightness of scatter. There is no
Vulcan laser, using the CPA beam 8 as the main beam. Shdwaradox once it is realised that the greater scatter was caused by
of energy 35 J would typically be focused onto the target usinghe shot with the greater total energy. This suggests that the
either an /1.6 or /3.5 parabolic reflector, and in this way,scatter is taking place some distance from the critical surface in
intensities up to 810'° Wcm? were obtained. For the purposes the underdense region of the plasma, where the size of the focal
of observing the scattered radiation, spectrometers were set §pot does not greatly affect the intensity. This is in contrast to
to view the target from a number of directions, as shown irihe critical region, where a doubling in the focal spot diameter
figure 1.  Typically Bentham 250 mm focal length corresponds to a quartering in the intensity.

monochromators were used, with the exit slit removed, and an

Andor 16 bit CCD camera used for capturing the image. To

achieve a wide frequency coverage, gratings of 100 lines/mm or

150 lines/mm were used. The most significant spectra were vl.éSm
observed by the channel looking along the target surface, that is M 1560
with 8=0. 7
= *1.360)
2 " X
g M :
@, hetd At W‘\ A
F|=  46ishot Maximum Intensity 2x10%® wem 2f*]
== 33J Shot:  Maximum Intensity  1x10™° wcm 2
600 650 700 750 800 850
Wavelength (nm)
Incoming Figure 2. The Intensity Dependence of the Scattering - these
beam f spectra are typical for an f/ 1.6 focus
This supposition is confirmed by a comparison of the scattered
Target Parabolic features with the 3/2 harmonic itself. While no emission
Reflector actually at 1.5@ is visible in the scattered features, when the

angle of view is changed by increasing argl®® a couple of
degrees, considerable radiation at this frequency is seen. Given
that the spatial extent of the scattering region is much larger
than that producing the emission at/3, we infer that this
region is at a considerably lower density than quarter critical.
The absence of (32 when the target was viewed along its
surface may be due to the central focus being in a pit that has
been dug by the incident laser beam, which obscures the quarter
critical region from a detector viewing the target along its
surface. Certainly we do observe considerable emissici/at 3

Figure 1. Experimental Arrangement
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when a 5% prepulse is added 50 ps ahead of the main beaat, 32 has been ascribed to a two-photon process. The first
which is commensurate with the idea that hole-boring isphoton undergoes Two Plasmon Decay (TPD), and the resulting
responsible for the lack ot.$2 signal along the target surface. plasmons are free to scatter a second photon. It has been shown
that if the two photons are parallel, then only radiation at
g&actly 32 is produced, however, features at other
gvavelengths are possible if the two photons are not patallel

An extra dependency of the observed stimulated scatter is th
with f number of focus. Experiments conducted iecBmber
1997 and May 1998 used f/ 3.5 and f/ 1.6 parabolic reflector
respectively: in both experiments the position of the peaks

observed was independent of target material, and insensitive to

laser intensity at target. Typical spectra are shown in figures 4

and 2 respectively. We see that with the faster focus, there are

more peaks visible, while with the f/ 3.5 optic, the fewer peaks

are generally broader. The increased breadth of the slow focus 0.050 ;

°
oo O 1% critical
~ *eSe, ® 6% critical
2 o 000 o
8 0.040 seeee
“é’ s e® e® o
=]
' E ..’......'.o..’o.--oo
& 0030 [T ettest et
5 ®eoeo
O
T
14
-% 0.020
- - - : ) O]
)
1.6w 1.5w 1.4w 0.010 L . %
1.32 1.34 1.36 1.38 14

Scatter Frequency (units of wo)

Figure 5. Valid scattering processes for an f/ 1.6 focus using
linear instability approximations.

Please note that corresponding shades of grey  This is more likely to be the case practically, where there exist a
represent a signal ten times greater in the case ofjthis yariety of possible angles within the focus cone of the laser,
Image. even before reflection and other scattering are taken into
B ‘ ] ‘ tooT B account.
Figure 3. Comparison of scattered radiation (upper) with ) ) ) ) )
emission at &2 coming from the quarter critical surface Using this suggestion, and simple linear treatments for the
(lower image) TPD?, it is possible to catalogue the processes that are free to

produce the observed scatter, given that we restrict the angle

between the two photons to be that of the laser cone®(&8.2
peaks may be due to the increased intensity in the underdente case of the f/ 1.6 parabola), and we require the scattered
regions which results from a higher f number: thus allowingphoton to propagate at 2% the incident beam axis to allow it

more scattering processes to lie above threshold. to be detected by the spectrometer. With this treatment, the
_ _ possible scattering processes and their gain rates (before
Scattering M echanism compensation due to Landau damping has been taken into

While the origin of the scattering remains unknown to us, andiccount) are shown in figure 5.
theoretical attempts to understand it are still in progress, so

preliminary results may be reported. Traditionally, the emissi Mfe see from this that scattering is predicted in the vicinity of

o1 35, as observed experimentally. To discover more details
regarding the emission at other wavelengths, we are using a
more generalized instability analysis, as developél iwe are
also developing more advanced theory to predict the behaviour
of TPD away from the quarter critical surface, and in the non-

linear regime.
L1480 We hope that further experiments and a more detailed study
i may identify the source of the scattering, and may present the
0 community with a diagnostic tool for underdense plasma.
g
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A Spectroscopic Analysis of Near Solid Density Plasmas
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Introduction of the AIXIIl 1s-3p (6.053 A) and AIXII 151s4p (6.31 A) lines

The radiative properties of hot, dense plasmas are of interest { P& made. This was possible through the use of a Von Hamos
several fields, including studies of Inertial Confinement Fusiorspectrometer which offers a high resolving power (WA =

(ICF) and astrophysics. The performance of both direct angd000). The apt_actrally_res_olvmg element in the Von Hamos
indirectly-driven ICF implosions is sensitive to the radiative SPectrometér® is a cylindrically curved Pentaerythritol (PET)
opacity of the target. In astrophysics, the opacity of material if2d = 8.742 A) imaging crystal which collects x-rays over a
Local Thermodynamic Equilibrium (LTE) is of great interest in large solid angle and as a result offers good detection
studies of stellar structure and evolution. The opacity of theéensitivity. The collected signal is then focussed down onto the
stellar plasma determines the rate of energy transfer from théetection plane and the wavelengths are dispersed along the
centre of the star where nuclear reactions provide the ener%ﬁ?‘e- The extent to which the x-rays are dispersed is determined
source, to the outside. As with ICF, all opacity data used aBY the radius of curvature of the crystal. For this experiment a

input to such stellar models comes from theoretical calculation§5 mm radius of curvature was used. The spectral range may be
tuned by varying the distance the crystal is away from the

Within the last ten years, high-power laser experimentsarget. For the targets of Fe with 20% Al impurity the Von
employing X-ray heating of a samplaave allowed frequency- Hamos spectrometer recorded the Al emission while the Fe

resolved opacity measurements to be made and generally gogfhission was recorded simultaneously on the flat crystals
agreement between theory and experiment is found. Howevegpectrometer.

such experiments have been limited to a maximum plasma
temperature and density of approximately 100 eV and
102 gcm?® respectively. Any attempt to extend opacity Hard X-ray
measurements to the higher energy densities envisaged in ICF Detector
implosions would improve our confidence in modelling ICF Flat KAP Crystal
Spectrometer
capsule performance. ~

Pinhole Camera

F/5.27 Parabola

Experimental worR has shown that by irradiating an iron layer
buried beneath a plastic overlay with intensities of
~10"7 Wicn?, it is possible to achieve emission in LTE.
Modelling predicts that an overlay of CH confines the iron | von Hamos
plasm& thus enabling high energy densities to be reached] Spectrometer
However no direct measurement of the conditions in the iron
layer have been previously made. In this paper, we will
demonstrate that by doping a layer of Fe with a concentration of
Al, it is possible to make an accurate measurement of the
plasma conditions by x-ray emission spectroscopy. This allows
Fe emission in LTE to be characterised for known electron
temperatures and densities and will improve the accuracy o
theoretical and experimental opacity comparisons.

ET Crygfal ™.\
/k&

5
7
Y
/
/
7
/

7
/
/
/
/
/
]

Xtay CCD 1aiget
Camera

~

248nm, 350fs KrF Laser

Figure 1. Experimental Setup

It was found that the Titania laser had an inherent amplified
Method spontaneous emission (ASE) with an approximate duration of
The experimental setup is shown in figure 1. A i thick 100 ns and peak irradiance of 5%1W/cn¥, onto which the
pure Al or 20% (by volume) Al impurity in Fe target deposited CPA pulse was superimposed. In order to determine the effect
on a massive ~10Qm thick CHO substrate with a Ojim  of this ASE on the spectra, the time between the onset of the
plastic (CH) overlay was irradiated by the 248 nm, 350 fs CPAASE and the arrival of the CPA pulsgt) was recorded using a
pulse from the Titania KrF laser. The layered targets wer&hotodiode for each shot.

mOW_‘ted as 27m discs on ~§im metal stalks and accurately_ The energy from the incident laser beam is coupled to the target
positioned in the focal plane of the laser under vacuum by usingregominantly through the processes of inverse bremsstrahlung

an xyz-motorised target mount and a collinear frequencyynq resonance absorption. Inverse bremsstrahlung generates
doubled YAG alignment beam. The laser was focussed onto therma electrons at densities up to the critical density. Energy

target plane with an f/5.27 parabola giving a spot size @5 yangport into the target is by diffusive electron thermal
diameter. The average energy on target was ~300 mJ Witfphnductio” as the electron mean free paths are similar to the
iradiances of le@ wient. Near field and far field monitors  scaje length of the temperature gradlerffo ensure that this
were set up to diagnose the incident laser beam quality. temperature front is spatially uniform, a random phase plate was
The focal spot size and position were monitored from shot td?Serted into the beam to smooth any spatial non-uniformities in
shot with an x-ray pinhole camera. The x-ray output emissiof€ focal spot. Thermal smoothing can also reduce the effects of
was spectrally resolved and recorded in the 6-14 A range with igtensity variations within the beam profilg.

flat potassium acid phthalate (KAP) (2d = 26.6 A) crystal timeThe short 248 nm wavelength of the KrF laser is desirable as
integrated spectrometer with a moderate resolving power (/AL preheating due to hot electrons decreases with decreasing laser
= 200). A 25um Be filter was placed over the CCD chip to wayelengt. Radiative preheating of the Al layer is also
eliminate the effects of scattered optical light. To determine thﬁeg|igib|e as the plastic overlay is a weak emitter.

temperature and density of the plasma, it was necessary for

accurate measurements of the relative intensities and line widths
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Results

The Stark broadened spectral width of the hydrogen-like
aluminium line AIXIIl 1s-3p is a sensitive indicator for
electron densify at electron densities above 2A@m?®. The
electron temperature within the plasma may be deduced by -
calculating the ratio of intensities for the AIXIIl 1s-3p and
AIXII 1s%-1s4p lines at 6.053 A and 6.31 A, respectively. Using
simulated spectra from the FLY cdfle it was possible to
calculate these spectral widths and intensity ratios for a given *
electron temperature and density. Opacity effects on the line
intensities were estimated to be negligible as the AIXIII 1s-3p
and AlXIl 1-1s4p lines have optical depths less than 0.03. The
narrowest line width measured on the Von Hamos spectrometer
was 10 mA. This value sets the upper limit on the instrument
broadening, although the true value is estimated as 5 mA from a
combination of source broadening and aberrations on the VO“Figure 4. Comparison of experimental spectrum for a tamped
Hamos focusing. It was necessary to incorporate instrument a target and the stimulated FLY spectrum at an electron

broadening into the simulated spectral output from the FLYqensity of 6.9x 18/cn and an electron temperature of 400 eV.
code. Comparison of FLY calculations with the experimental

spectra enabled the dependency of the time-integrated electréionclusions

temperature and density on the duration of the ASE prepulsgye have demonstrated a technique for generating dense near-
At, to be measured (figures 2 and 3). There is a large scatter in  solid density plasma with electron temperatures of ~400 eV. It
the deduced time-integrated electron densities, but a trer\ﬁas found that the duration of a low intensity prepu|se has
towards lower measured densities is apparent as the duration §jnificant effects on the electron temperature and density.
the ASE pre-pulse increases. Recording the Al spectrum on the Von Hamos spectrometer and
the Fe spectrum on the flat crystal spectrometer simultaneously
has allowed us to diagnose the plasma conditions during the Fe
emission. The emission of the Fe plasma in LTE for measured
values of electron temperature and density compared to existing

Instrument Broadening = 5mA

—— Experimental
Simulated

25

He 4-1

Lyman-Beta

Intensity (a.u.)

05

00

6 6.05 6.1 6.15 6.2 6.25
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Instrument Broadening (5mA) 0.1umAl +0.1umCH
0.y m Al +0.05u mCH
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0.1 m AlfFe + 0.1y m Ci

& * simulations will allow for a quantitative assessment on the
'g .y accuracy of iron opacity calculatiofis
% ° A% e o References
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Figure 2. Time-integrated Electron density as a function of the?:
temporal position of the CPA pulse relative to the ASE. The
peak time-integrated electron density of ~1%r® occurs at
At =15 ns. It can be seen that small variations in the thickness;
of the plastic overlay (as labelled) do not effect the measured
electron densities. The timing errors for data points without
error bars are typically less than 1 ns.
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Figure 3. Time-integrated electron temperature as a function of
the temporal position of the CPA pulse relative to the ASE for 9
different CH overlay thicknesses (as labelled).

An example of a fit of the FLY output to the experimental
spectrum is shown in figure 4. The line splittings of the
theoretical FLY spectrum due to stark broadening effects aré0-
not seen experimentally, possibly because late time emission as
the plasma expands is narrow and fills the central wavelengtpq
spectral ‘holes?). The measured superthermal temperatures in
the range 5-20 keV agree with scaling valtlemnd are
sufficiently low to ensure that hot electrons have a negligiblel2.
effect on the heating of the buried layer Al layer.
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Vulcan used as a Plasma Accelerator for Nuclear Reactions
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Introduction revolutionised high power laser technology and has resulted in

The mechanism of the interaction of charged particles in intend@Ser intensities in excess of1@v/en? being generated. A
electromagnetic fields has been considered for more than fitffumber of high intensity lasers have been built around the
years. This was one of the first explanations put forward by th¥orld e.g. Vulcan at the Rutherford Appleton Laboratory, UK
early workers to explain the origin and energies of cosmic ray@nd Nova at the Lawrence Livermore National Laboratory,
19 " Simply the idea is as follows: a charged particle in arMSA whlg)h are capable of reachlng.such |nt¢n3|t|es. Indeed
intense electromagnetic field is accelerated initially along thdecently ™ it was announced that intense light beams are
direction of the electric field. The vxB force causes thec@pable of transmuting elements and specifically gold was

particle’s path to be bent into the direction of travel of the wavetransmuted to platinum and mercury.

In large fields the particle’s velocity rapidly approaches therhis report is presented as a proof of concept that an intense
velocity of light and tends to travel with the EM wave gaining|aser beam can be used to induce nuclear reactions.
energy from it. In astrophysical situations the solar corona was

thought to be one of the sources of the electromagnetic wavesxperimental
These ideas were the counterparts of the machines built on t

; : . br‘?we laser used in these experiments was the Vulcan Nd glass
earth to accelerate particles to high energies.

laser at the Rutherford Appleton Laboratory with a wavelength
In 1971 the possibility of accelerating electrons in focused lase®f 1.053um. The pulse width was typically 1 ps and with some
fields was first proposed by Feldman and Chfao They 40 Jin the pulse. The laser beam of p-polarised radiation had
calculated that an electron could gain energies as high alimensions 150 x 88 mm and was focussed on axis using a f
30 MeV after a single pass through the focus of a diffractionl1.7 parabolic mirror. The focal spot had a diameter of about
limited laser beam of power ¥OW and wavelength Jum. 12-15um resulting in laser intensities in excess of’1@/cn?.
Chan® similarly calculated that an intense laser beam could b&he crater caused by the laser in a lead target of dimensions
used as an energy booster for relativistic charged particleb0x10x3 mm is shown in figure 1 and has a diameter of about
showing that a 10 MeV electron can absorb 40 MeV from & mm. This photograph was taken with a scanning electron
laser beam of lum wavelength and an electric field of multiplier and it is felt the dimensions of the crater and the
3x10° V/em in a distance of 1.3 mm. height and width of the rim can reveal a great deal about the

. plasma processes involved. When the lead target was replaced
Recently Tajima and Dawsdh suggested that a laser electron \ith 5 copper sample of similar dimensions the crater size was
accelerator could be created when an intense laser pul$gquced by a factor of two. It was noticed that if the laser
produced a wake of plasma oscillations through the action qfteracted with the copper target without a lead irradiator, no
the non-linear ponderomotive force. ~ They demonstratedagioactivity was generated in the Cu target which suggests that
through computer simulations that existing glass lasers ohe high energy electrons were generating a bremsstrahlung
1_01 W/en? shining on plasmas of densities 610'_“ could  peam in the lead target which then caused subseyirhiced
yield electrons of GeV energy per cm of acceleration. nuclear reactions.y,) reactions are typically nearly two orders

More recently the importance of Raman forward scattering irf magnitude larger than(e) reactions.

short pulse high intensity lasers has been realised by a numbﬁﬁe targets were housed in the ultra-short pulse interaction

7-10) : ; e i
of authors _ In generating electrqns of very h'gh. ENErgIEs N onamber on Vulcan which was evacuated to abodtta® and
very short dlstan.ces. The probability of using ”."S teqhnolqg he laser could deliver a pulse every 30 minutes. It took several
for the construction of compact accelerators which might fin

- inutes to take the chamber up to atmospheric pressure and to
agzl'ggﬂg%‘;gzere 2-200 MeV electrons or photons are need tract the radioactive samples for analysis and thus at this

stage only radioactive samples with half lives greater than a few
Many probes have been used for producing nuclear reactiori8inutes can be analysed. This is a temporary limitation which
e.g. neutrons, protons, alpha particles and heavier nuclei as waiill be rectified by a rapid transport system in the future.

as non nuclear beams such as electrons and gamma rays. It is

therefore not surprising that one can induce nuclear reactions

using intense light beams. In the mid to late eighties the

possibility of producing laser induced fission using laser

intensities as high as ¥ow/cn? was suggested'*®.

Application of chirped-pulse amplification techniques has
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Figure 3. The-ray angular distribution above 10 MeV
determined by?Cu activation. The beam is heavily collimated
Figure 1. The crater caused by a laser pulse of 40 J interacting i the forward direction i.e. at right angles to the target plane
with a lead target. Thebeam generated at these intensities is (a-horizontal, b-vertical plane).

in a direction 180to the crater and has a continuous Two large volume Nal scintillators (based on an existing mobile
distribution energies of many MeV which can induce nuclear gamma spectrometer) were used in conjunction with a
reactions. coincidence system. The system was calibrated W®itto

positron activities ranging from 50 to 3200 Bq with the limit of

. . detection of purgd” emitters estimated to be a few Bq. The
Results and Discussion copper samples were gued between the detectors and the
One of the most fundamental photo-nucleaactions is the summed coincidence spectra were recorded using 120 s live
(y:n) reaction which has a Q value of typically > 8 MeV. Suchtimes over periods of several tens of minutes and the net counts
reactions produce proton rich nuclei which decay normally byin the 1024 keV peak were determined. These were plotted, in
positron emission or EC. A positron emitting nucleus is veryfigure 4, as a function of time and fitted to exponential decays
easy to identify unambiguously since the positron annihilateand the half lives determined. The mean half life for four data
with electrons to produce two 511 kew-rays back to back. sets was 9.68.24 minutes which agrees well with the

In the present experiment, the laser beam was incident on a Ieggnerally accepted value of 9.7 minutesf@u. For the data
b Xp ' o S set with the maximum activity, a long lived component was also
target (3 mm thick) at an angle of“4&s shown in figure 2.

Behind the lead target were placed a number of Cu samples é'ts ;glgcvl\:hlch was estimated to be several hours presumably
thickness 3 mm from which the angular distribution of the laser ’

induced y radiation could be determined. The laser beam
incident on the lead target generates an Mgekay beam
heavily forward collimated as shown in figure 3. [this is
subject of an extended paper to be published elsewfig
They rays irradiated the copper target to prodffi&u via

8¢ (y,n)C? which has a half life of about 10 minutes.

10°

(&) 9.86+/-0.14 min
(b) 9.75+/-0.05 min

8 10 (c) 9.99+/-0.16 min
S (d) 8.93+/-0.03 min
c mean: ( 9.63+/-0.24) mir
I Pb(10x10x3 mm) %)
% c 108
]
E Cu(10x10x3 mm) % O

=
R

i
% 1 T T (C?Hil\ T (al) T T T
E 0 10 20 30 40 50 60 70 80 90 100

Time (min)
1053nm. 1 0s 40 J laser pulse ﬁ Figure 4.The half lives of Ctf as measured from four
beam 452,t0p§0rma] p-polsrized different laser shots of nominally the same pulse energy. The
1x10° W/cm 2 mean half life agreed well the accepted value of 9.7 mins.

The lead target was also investigated for activity butymg (
reactions in this element produced isotopes with either very
short or very long half lives and hence could not be detected.

Figure 2.The target arrangement for activation studies. The
p-polarized laser beam was incideott the lead target at 45
They beam emerged from the radiator to activate the copper

samples.
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Conclusions

It has been shown that a high power laser with pulse widths df.
1 ps and intensities of abouti@/cn? at a wavelength of

1 pum when interacting with a lead target produces a weII2
collimated beam of rays of energies in excess of 10 MeV. ’

This high energy radiation has been shown to produgena ( 3
reaction in®*Cu to produce kBq activity of’Cu. Clearly
however many problems have yet to be solved. For example as
shown in figure 4 the radioactivity from four different laser 4.
pulses, with nominally similar energies, appears to differ by

more than an order of magnitude. 5

It was reported in similar experiments for X-ray production
using a much lower energy beam with 120 fs pufsethat a

low intensity pre-pulse which arises from amplified =
spontaneous emission egedes the main pulse in time.
According to these authors this pre-pulse appears to be,
necessary for efficient high energy X-ray production. The
question of the pre-pulse must be investigated further.

It has thus been demonstrated that high power lasers can ge
used to induce nuclear reactions. It has been shown that kBq of
®2Cu can be generated at™lWv/cn?. It is hoped that Vulcan

will be upgraded to produce laser intensities in excess
10 Wicn? and if the activity scales as the 3/2 powethen

MBq of activity can be generated with many possible areas of
application.

The possibility also exists to producé,fission) or ¢.fission)
reactions and to verify reported calculatidfls It is therefore
very exciting to contemplate the possibility of laser light beams

producing radioactive isotopes and point sources of neutrongy

and fission fragments from the fission reaction.

Other exciting possibilities with an upgraded VULCAN of laser 12.

intensities above #®Wi/cn? are pair creation from ultra-dense
plasmas and pion production generated by electrons or photons
above 140 MeV.

Much more research is necessary to determine whether plasma

particle accelerators can compete with existing accelerators i

energy, intensity and quality and in particular whether table top
high energy accelerators can be produced using lasers. Evgg
now rather small lasers of pulse energies less than a joule an
with pulse lengths of about 50 fs are capable of being focused to
laser intensities of about fow/cn?.  These lasers have the
advantage of being able to be pulsed to repetition rates of about
10 Hz and by integrating many pulses intense radioactive
sources may be generated.

10.
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Transient gain in Ni-like X-ray lasers
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Introduction was located at an early stage in the laser amplifier chain. As a

Between 1990 and 1995 the efficiency of XRLs has increaseffSult, the change in beam diameter and hence wavefront filt
by more than 3 orders of magnitude through a combination dindle as the pulse propagated through the system had to be

novel experimental design and the guidance of detailed@ken into account.

theoretical modelling. Scaling to shorter wavelength operatiofggip, pulses were derived from the same YLF oscillator. The
has been achieved through the use of higher Z targets allowingpa pulse was compressed prior to entering the target chamber
the efficient operation of Ni-like rather than Ne-like ion XRLS. \whilst the 280 ps pulse was simply an amplified but
The use of pre-formed plasmas and curved targets have been {ig.ompressed component. This mode of operation eliminated
principle experimental techniques which have brought theiter in the arrival time of the laser pulses. The option of
various systems to the state of the art. introducing a pre-pulse on the 280 ps beamline was facilitated

More recently, a significant advance in the field has been th¥ith beam-splitters and an optical delay line. The pre-280 ps

demonstration of transient gain at the Max Born Institute inPUlSe was set to arrive 3.3 ns before the main-280 ps pulse. The
Berlin », and subsequently at the Rutherford App|et0npre-pulse generator beam-splitters were chosen SO that the
Laboratory in Oxfordshir@ in Ne-like systems and at LLNL in Pre-pulse accounted for ~(10+2)% of the total beam-line energy

Ni-like systems®. In these experiments, a system wasrecorded forthe long pulse.

developed in which a picosecond scale pulse with intensity

approximately 18 Wem?® was used to pump a pre-formed g qcned Travelling wave

plasma generated using a ~ns pulse at an intensity oifput-pulse grating
~10% Wem?. The population inversion produced in this way S
was predicted through modelling to be more than an order of o

magnitude higher than schemes where the main pulse intensity
was of the order 28 Wcm2. The new technique differs from Amplification
that of more conventional collision pumped XUV lasers in that 3%
gain in the plasma is produced only briefly, rather than in a

quasi steady state as happens during the relatively long pulse
pumping of the conventional schemes. The short pump pulse

rapidly increases the population of the upper lasing state of the

Ne-like ions in the plasma, significantly in excess of that

attainable with the conventional, lower intensity ~100 ps pulse

pumping scheme. This excitation occurs on a timescale too

short to allow significant ionisation. Using a travelling wave Compression
pumping scheme and the appropriate optical arrangement for a  9@"9*
line focus, this transient state can be maintained along the
length of a plasma column allowing the pump laser energy
stored in the plasma to be depleted by ASE.
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|

|
Travelling wave I
direction at I
|

|

|

|

Off-axis
spherical
mirror

e
1
1
Al @
get plane
1
1
1

Off-axis |
parabolic
mirror

Figure 1. Schematic diagram showing both traveling wave
Experimental technique components.

The, simplest, most effective pumping scheme employed tw@he total path length for the CPA pump beam depended on
1.053um pumping pulses in a line focus of width 40@. Tin whether or not we were to use the travelling wave, as the
coated glass slab targets up to 10 mm in length were irradiatextiditional grating used to generate it introduced an optical
at ~13°> Wem? (averaged over a 280 ps FWHM Gaussiandelay. Furthermore, optimum tuning of the pulse stretcher

pulse), followed 550 ps later by a 3 ps CPA pulse agratings varied depending on whether or not the grating was in.
10" Wem® The photon transit time along a 10 mm target isThis introduced a further change in path length. The time of
~33 ps which is significantly longer than the CPA pulse lengtharrival of the optical pulses at the target plane was measured
The wavefront of the CPA pulse was therefore tilted to arrive atluring set-up with an S1 streak camera with ~5 ps resolution.
an angle of 45° to the target plane to match the time of arrivalhereafter on a shot to shot basis the beam timing was
of the short pulse to the propagation of the resulting X-ray lasemonitored using X-ray streak records. The CPA pulse length
photons along the plasma column. This was achieved throughketh with and without the travelling wave was measured using a
combination of the intrinsic wavefront tilt inherent to the off- third order auto correlator. Without travelling wave the pulse

axis focusing optics and an additional component introducetength was (2.0+0.2) ps, with the travelling wave the pulse was
using a diffraction gratind as shown in figure 1. The grating stretched to (3.0£0.2) ps.

was situated downstream of the pulse chirping system, which
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The principle diagnostic was a flat field soft X-ray spectrometethe travelling wave showed no measurable signal with or
using a variable pitch 1200 mm5 m radius concave gold without the travelling wave pump.
grating and a 16-bit back-thinned CCD systeln The
spectrometer was mounted axially looking in the direction ofConclusion
the oncoming travelling wave pumped X-ray laser. A similarTransient gain and saturated operation of a travelling wave
system was mounted on the other side of the chamber lookingimped Ni-like X-ray laser has been observed for the first time.
in the reverse direction. A Kentech X-ray streak camera washis extends the realm of operation of the Ne-like transient gain
mounted looking transverse to the target plane with a Be-filtegystem first demonstrated at the Max Born Institute in Berlin by
and a vertical slit to monitor the pump pulse timing. A timeNickles et al.? and compliments the more recent systems
integrated Bragg crystal spectrometer with a 16bit CCDdemonstrated at the Ecole Polytechnique in Pariand the
detector” was used to monitor the ionisation stages achieveggple- -top high rep-rate system developed at the LLNL in
for Ge and Sm. California ®. A gain coefficient of ~30 cthat 120 A was
produced in a 1cm long Ni-like Sn plasma, sufficient to saturate
Results the 3d,,4dy, J=0 to 3ds4ps, J=1 transition. A 3 ps travelling
In the absence of Ni-like Sn (Z=50) resonance line spectra (owave pump pulse was applied to the plasma 0.5 ns after the
standard diagnostic used to monitor such spectra cannot see @aiak of a 280 ps pre-forming pulse. Gain was also observed at
to such a long wavelength) it was assumed that the plasn#8 A on the same transition in Ni-like Stn Attempts made to
resulting from the first pulse contained an appreciableobserve gain on the inner shell?As2(,,2p%,3s J=0 to
abundance of Ni-like ions. Indirect evidence of this wasls2s2p%,2p%,3s J=1 transition in Ne-lke Ge at 62 A,
provided by keV spectra taken for Sm (Z=62) under similaraccording to the conditions prescribed by Healy efalere
pumping conditions. Furthermore, from the absence of lasingnsuccessful in the absence of a 1 ps travelling wave pumping
action in time-integrated measurements of the axial soft X-rapulse. The modelling suggests that a gain coefficient of
spectra recorded without the CPA pulse, it was confirmed that15 cm' could be achieved on this transition with the facilities
prior to the arrival of the CPA pulse, the conditions in thecurrently available at RAL. The ~30 &mgain coefficient
plasma were not suitable for gain. Hence it was confirmed thaibserved in the Ni-like Sn scheme meant that ofly of the
any subsequent lasing action was initiated during the CPAull energy of the Vulcan laser system was required to saturate

pulse. gain on the 120 A transition. Such systems now routinely
produce high gain and saturated output on transitions in many
Ne-like and Ni-like ions. Although the pump energy required to
O saturate an XUV laser transition has reduced from ~250 J to
3 Linfordfittodatafor L <05om ~60 J through use of this technique, the integrated energy of the
100} G0+ 350 I ][ MW XUV laser beam is lower, in direct proportion with the pulse
1014 - TI duration which is approximately a factor of ~30. However, the
5 ] /I ik T 3« osMw reduced pump energy required means that with the rapid
A 1073 y (Noravellig  development of more efficient short pulse pump lasers, the table
z 10°4 1 wae) top concept of an X-ray laser may now be less refhote
-4 ]
g 10 References
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107 Phys. Rev. Lett. 78 (14), 2748-2751 (1997)
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Target length/ cm

Figure 2. Length scan for Ni-like Sn XRL at 73 A showing 3.
saturation for a target length of ~5 mm.

The system was observed to be insensitive to the use of the 10%

pre-pulse. Having established that the pre-pulse had ng,
noticeable effect on the integrated energy from the XRL, the
majority of the experiment was conducted without pre-pulse to
minimise the number of parameters involved.

Shots were taken on tin with and without pre-pulse where thg,
peak of the CPA pulse arrived at either 50 ps or 550 ps after the
peak of the 280 ps pulse. The most effective pumping scheme
obtained for the Ni-like Sn system was with the CPA pulseb:
arriving 550 ps after the peak of the long pulse. The 120 A XRL

intensity under these pumping conditions is shown in figure 2 as
a function of target length. The beam divergence was ~6 mrag
and the beam was refracted ~3.9 mrad off axis.

A shot taken without the travelling wave reduced the XRL
intensity by a factor of ~40. This indicates that the system doeg
indeed exhibit transient operation with the gain lasting
sufficiently short a time interval that a travelling wave is
necessary to efficiently drive a target with greater than ~3 mm
length. Spectra recorded in the counter propagating direction to
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Transmission of 10 TW, picosecond laser pulses through hollow microtubes
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Introduction holraums presently in use, the guide lengths of interest for these
Several important applications require short laser pulses tgPplications are in the 1-10 mm range.
interact with homogenous plasmas over lengths Iargelyﬁ.he experiment reported in the followfgis the first

exceeding the natural defocusing distance of the laser bea \perimental study of guided propagation of 10-20 TW, ps
(Ra'?"gh length). In particular, the propagation Of. anulses (i.e. in a regime of interest for Fast Ignitor applications)
ultral_ntense short pulse_ th_rough a_Iong region of plasma witho rough hollow glass capillary tubes. The energy transmission
considerable energy dissipation is a basic requirement of th[%rough the waveguide was measured using capillary tubes of
Fast Ignitor scheme for Inertial Confinement FuSiom order different diameter and length, and high transmittivity were

to confine the laser beam in a small section and achieve thgeasured (more than 80% of the energy coupled to the guide).
required intensity over several Raleigh lengths, some guiding

mechanism is necessary. For pulses at sufficiently high powegxperimental arrangement
relativistic self-guiding can occur, as it has been observed i';fhe experiment was carried out using the Vulcan laser

several _experimen?fs The pulse is guided due to the gperating in the Chirped Phase Amplification mode. The
combination of ponderomotive and relativistic mOd'f'Cat'Onsexperimental set-up is shown in figure 1. The duration of the
mdyged in the plasma density _proflle by the pulse itselfq um CPA pulse was 1 ps, with a power on target up to 20 TW.
Guiding of short pulses over considerable lengths has also begipe pulse was superimposed on a 200-300 ps pedestal with a
achieved by using preformed plasma charfhel these  main to prepulse contrast ratio better tharf £0 The targets
experiments, a prepulse, focused in the gas or plasma ahead\@fre pyrex (KG33) hollow capillary tubes, with variable length.
the main pulse, provided the necessary refractive indexyyg gifferent sets of targets were used: 40 pum inner diameter
modification . targets, with external diameter of 100 um, and 100 pm inner

An alternative approach, not yet widely investigated, is the uséiameter targets, with external diameter of 550 um. The targets
of solid guides, namely hollow capillary tubes. In this case thdVere mounted on a translation stage, that also allowed rotation
laser pulse is confined within the inner diameter of the guiddn the horizontal and vertical plane. The CPA pulse was focused
and propagates through reflections off the inner walls of thét the entrance of the waveguide by an /4.5 Off-Axis-Parabola.
tube. The propagation of laser pulses with a power up to 1 Twhe targets were aligned by means of telemicroscope systems,
through glass microcapillary tubes (with diameters in the rang8nd also by optimising the mode structures observed in the

100-200 pm) was first studied by Jackelal 9 For energies output beam when focusing into the target the CW YLF

below the breakdown threshold, the propagation occurs throuq‘f\'afc'”ator beam. The Fransmltted beam_ energy was monltqred
ith a contact calorimeter, placed inside the interaction

grazing incidence reflections at the dielectric inner suffatte chamber. The transmitted beam was also imaged by a /2.5

reflectivity for each bounce being determined by Fresnel lawsyq plet (tvpically imaging the end plane of the target
For high intensity pulses, however, an overdense plasmasd (typically ging P gev),

. . b%llecting a fraction (about 4%) of the energy. A fraction of the
creatgd _at_ the guide walls ahead of the main pulse, by th\fncompressed pulse was recompressed with a separate pair of
pulse’s rising edge or by the prepulse. In this case the beam 5,ings duplicated in a KDP crystal and used as a transverse
guided through reflections off the high density plasma (arhohe” Shadowgrams of the target at different times, before and
obliquely incident bgam W",I, be reflgcted at the dens"tyaﬂer interaction, were obtained by suitably delaying the probe
ne=Ngcos’, where g is the critical density anfl the angle of pulse, and imaging the target with a microscope objective.
incidence). Since, in principle some energy is absorbed by the

plasma at every bounce, a reflection coefficient R can be .

introduced. The total transmission through the guide will be Optical

T = Tin(R)N, where the insertion coefficient,J represents the probe Target

fraction of the pulse energy that can be coupled to the guide and _>> -

N is the number of bounces undergone by the pulse along the

length of the guide. Within the guide, a mode structure CPApulse Calorimeted

establishes, depending on its transverse size; a detailed modalf Objective

analysis of hollow cylindrical waveguides can be found in

reference 4. . ’ Collecting lens
to film v to CCD

Guiding of high intensity pulses through solid guides could be plane and spectrometer

of interest in view of alternative approaches to Fast Ignition. In

principle, the igniting pulse can be propagated to the high Figure 1. Experimental set-up

density core of an imploding target, or at least through the . . )

coronal plasma region, into a solid waveguide, provided it&EXPerimental resultsand discussion

walls are thick enough to survive the compression. ThisThe energy fraction transmitted through the target is plotted in

approach, in principle also applicable to direct drivefigure 2 as a function of the target length, for the two different

compression schemes, seems particularly promising for poirdiameters used. The energy transmitted through a platinum

ignition following indirect-drive compression of a pellet placed pinhole 100 pum in diameter is also shown in the data. Despite

inside an holraum. In this case, in order to reach the compresseflsome scatter of the data, a consistent behaviour for both sets

core, the igniting pulse could propagate through the holraurf measurements clearly emerges from the plot. Even though

walls inside a solid capillary tube. Considering the size othe transmission appears to decrease with the target length, a
sizeable fraction of the laser energy is guided through the guide.
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For 100 um inner diameter targets, transmission as high as 5086 rough estimate of the number of times that the beam is
was observed for a target length of 10 mm. This corresponds teflected off the plasma walls can be given asLUN4far),

about 85% of the energy coupled to the guide, if one takes intgnere L is the length of the targeg; the focusing f-number and

. i . 0 i
account the insertion efficiency of 63%, estimated from the'r the guide inner radius. Consequently, the transmission through

100 pm pinhole transmission_ data. This relatively lO\.N COUplingthe target depends upon the length through the expression
is a consequence of the quality of the focal spot attainable at t 2T RUAHD A fit of the data using this function has been
highest energy employed. As a matter of fact, the focal spot™ "Ins : 9

profile appeared to degenerate as the beam energy waiempted, including the transmission through a 100 pm
increased above 15 J, with a large fraction of the energy beirgjameter pinhole (measured) and through a 40 um diameter

spread in the beam wings . pinhole (estimated) and excluding the two points that most
deviated from the general trend.
—— T 100pm] From the best fits (shown in the graph), an approximated value
------ THAOpm] of the reflectivity R can been obtained, i.e. R=0.98-0.99.
O  Tr[100pm pinhale] Therefore, an absorption of 1-2% of the incident energy for
< Tr[40 pm pinhole-estimated] each bounce can be inferred. This is just an order of magnitude

estimate, as the effective f-number inside the guide, when the
mode structure has been established, will in principle differ

from the focusing f-numbét.

The energy is dissipated at the rate of 0.2 cfhough this rate

is the same as measured déference 3, it has to be noted that

the measurements here reported were obtained with narrower
targets and a smaller focusing f-number thanefierence 3.

This means that an higher number of bounces per unit length
was undergone by the beam and the estimated absorption per
bounce was much less than that reported by Jatkar2%
instead than 15-20%) .

Transmitbed fraction [#)]

0l i i i i i In addition to the transmission diagnostics, transverse optical
1] 2 4 B a m 12 probing was used for the first time to determine the onset of
Letigth [rnn] plasma creation on the guide walls. In fact, as soon as the
plasma is formed, the target, initially transparent to the probe
radiation, becomes opaque. By suitably delaying the probe
ulse with respect to the main beam, breakdown at the channel
lls was observed 15-20 ps ahead of the pulse peak. While no
eplasma appears to be created by the 200 ps pedestal, the
breakdown is likely to be initiated by the slowly rising edge of
An image of the beam transmitted through a 100 pm pinhole ie pulse. The breakdown threshold for glass depends on the
shown in figure 3. The energy fraction transmitted through daser pulsewidth, and data available for fused silica report the
40 um pinhole, and consequently the energy coupling to damage threshold for 1 ps pulses gs § 102 W/cn? 7, By
40 um inner diameter guide, have been estimated as 20% of thﬁ‘npw dividing the power coupled to the guide by the guide
incident energy, by integrating the intensity distribution ofsection area, one can estimate the laser irradiance at the walls,
figure 3 over the area of a 20 pum radius disk (shown in thgy the peak of the pulse, agpk 1-3 107 Wicn?. Therefore,

figure as a dashed line). Even in this case one should note t at_1_5 1051 Published lati ts of
the low coupling to the guide depends only on the poor quality® ~ wp- PUDIISNEd Cross correlation measurements o

of the focal spot in the conditions of the experiment, and that€ Peak to pedestal contrast ratio for the Vulcan CPA sydtem

most of the energy coupled to the guide is transmitted througifdicates that a 1®level is reached 15-20 ps ahead of the peak

it. pulse, consistently with what is deduced from the optical
probing measurements.

Figure 2. Transmitted energy versus target length for two
different target inner diameter, 40 pum (circles) and 100 pm
(squares). The measured transmission through a 100 um pinh
and the estimated transmission through a 40 pum pinhole (se
text) are also shown in the graph.

The plasma, initially cold, is heated up as the laser pulse level
rises, but it cannot expand more than a few microns in the few
ps between the plasma formation and the peak of the pulse. This
is confirmed by the fact that plasma closure does not appear to
affect the propagation of the pulse, which interacts throughout
all its duration with a short-scale length overdense plasma. In
addition, spectra of the radiation transmitted through the guides
did not differ significantly from spectra of the unguided
radiation. Concerning the low value of absorption per bounce
estimated from the data, it is certainly expected that collisional
absorption will not be very effective in the conditions of the
experiment, due to the high laser irradiance and to the short
scale length of the plasma. In addition, classical resonant
absorption cannot be very efficient due to the large value of the
angle of incidence. Even though classical resonance tReisry
strictly valid only for L >>A (where L is the scalelength of the
plasma), numerical resuftssuggest that, for Lk resonance
@bsorption is still described by a Denisov-like profile,
approximately peaking aB=arcsin(0.8/(2)¥3)=25. Under
these conditions a resonance absorption value below a few per
cent can be reasonably assumed e84 (i.e. the angle of

Figure 3. Profile of the beam transmitted through a 100 um
pinhole. The dashed circle indicates the size of a 40 um
diameter pinhole. By integrating the intensity over the area of
this circle, the estimated transmission through a 40 pm pinhol

(empty circle in the plot of figure 2) is obtained.
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incidence on the plasma walls corresponding to the focusing fimitation in transmitted power is not due to the guiding

number of the experiment). At high irradiance, other
collisionless absorption processes could in principle becom

mechanism, but to the inefficient coupling to the guide. A better
quality of the focal spot would certainly improve the coupling,

important even at grazing incidence. In measurements recentillowing higher power to be transmitted through the guide.

reported”, performed at irradiance exceeding 3"MV/cn?,

absorption as high as 80% of the incident radiation waé&onclusions

observed at angles of incidence as large as 80, as predicted
absorption via the anomalous skin-efféct However other

farconclusion, efficient guiding of 10 TW, ps pulses through
40 pm and 100 pm diameter glass capillary tubes has been

experiments performed in the same experimental conditions ggmonstrated over lengths up to 10 mm (i.e. largely exceeding

in reference 11 yielded different resultd, showing a more
conventional resonant profile for p-polarised light, with
absorption close to zero at very large angles .

Figure 4. Intensity profile of the beam at the output of a 1.5 mn¥ -

long target : (a) 100 pum inner diameter;
(b) 40 um inner diameter.

the Rayleigh length determined by the focusing optics). For
both diameters, the pulse propagates with an attenuation
coefficient of about 0.2 crh and an estimated plasma-wall
reflectivity of about 98-99% . Propagation with as few as two
modes and output power up to 5 TW has been achieved through
the 40 pum diameter guides. Optical probe measurements
revealed that a plasma is formed on the guide wall by the rising
edge of the pulse 15-20 ps ahead of the pulse peak. These
studies are relevant for all applications requiring propagation of
laser pulse at high intensity over several Rayleigh length and
appear of particular interest for an alternative approach to the
Fast Ignitor scheme for ICF, in which the ignitor pulse is driven
to the compressed core of the pellet through a solid optical
guide. Beside this, hollow capillary tubes provide a way of
investigating the propagation of the laser pulse in a channel
with overdense plasma walls, a subject also of topical interest
for Fast Ignitor applications.

The authors would like to acknowledge the support of the staff
of the Rutherford Appleton Laboratory and, in particular, of the
Target Preparation Workshop. This work was funded by an
EPSRC/MoD grant.
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Introduction -

. . . . . - w 2,,-1 — w Iwce
Computer simulationd of the interaction of very intense laser A= n“u-, Z —,U—w )
pulses with solid density targets indicate that very high o

magnetic fields, of the order of hundreds of MG, and hlghand the functiong (Dnestrovsky functions) are defined, for

electron temperatures, of hundreds of keV, can be produced thf-integerq by

the region surrounding the focal spot. We have investigated the '

linear propagation properties of waves in an overdense plasma = e7dr

with such parameters. The main result of our work is that the F (2 :"Im (5)
0

propagation characteristics of the wave in the overdense region

are very different from those in an unmagnetised plasma angl. ; iy the upper half complex plane and by analytic
that, in particular, the evanescence length may be very muctyniinyation elsewhere. They can be related to the well-known
greater thaw/ap. This implies that wave energy may penetratep|asma dispersion function and expressed in forms more
much further into the plasma than might be thought. While ougyitaple for numerical calculatid?. The other elements of the

present work is restricted to linear theory in a rather simplgjielectric tensor, which are needed for considering the X mode,
geometry, the possibility that magnetic fields may changgnyolve similar series.

dramatically the penetration of a wave into a highly overdense ) _ _ )
plasma has obvious implications for the interpretation ofFor numerical calculation we have taken 40 terms in the series

computer simulations and experiments. expansion of the dielectric tensor element, having checked that
this gives accurate values over the parameter range of interest.
Theory Since we now have a polynomial equation of high order, there

Our analysis is based on the theory of linear wave propagatioif® many solutions from which we must select the one which
in hot, magnetised plasmas, the role of high intensity simplyVe Pelieve to be relevant to the problem. We have done this by
being to produce the necessary high magnetic fields anf€dinning with the vacuum root at zero density then followm_g

temperatures. We use the weakly relativistic dielectric tensoi"® oot to which this connects smoothly as the density
elements, which are well known and widely applied in thelCreases. This is found to give an unequivocal result in most
theory of magnetised plasm3s The weakly relativistic theory ~Parameter regimes. As an illustration of the sort or results we

assumes a Maxwellian electron distribution and relies on afind we show below a graph (see figure 1) of the refractive
expansion in which the factor index squared as a function of density with a magnetic field

such thatu/w = 0.3(corresponding to a field of about 30 MG
for one micron radiation) and a temperature of 100 keV.

U= 1)

T

e

T T T 1 T T T [ T T T [ T T T [ T T T

is taken to be large compared to one. It may be expected
give reasonable results as long as the electron temperature dc
not approach the electron rest energy. Fully relativistic
dielectric tensor elements, valid for arbitrary temperature, ar
available in the literaturé, but are more complicated to
calculate numerically.

Here, we shall only discuss the ordinary (O) mode, since it ha
a simpler dispersion relation than the extraordinary (X) mode
and illustrates the essential features of the theory. We consid
propagation perpendicular to the magnetic field, which is bott
the simplest case and the geometry which seems mo
appropriate to this problem. The linear dispersion relation fo
the O mode is

Refractive Index Shuarsd

TN T ' N N TN TN T T N T TN N T [N T T T

=
)

1
2 _ i pia] 40 1] =1
n"=&,, (2 Dersity /Criticol Density

the magnetic field being assumed, as usual, to be alorng the
axis. In this formulan is the refractive index of the plasma. In
the usual unmagnetised theory we simply have

Figure 1. Square of the refractive index as a function of
normalized densitpy/ng;; for e/ w= 0.3 andl, = 100 keV.
The result for the O-mode is shown in the solid, for the X-mode
2 in the dashed line.

P
n"=1 w? ®) It is clear that for both the O and X modes, the refractive index

levels off at a value which is negative, but whose magnitude is

In weakly relativistic theory, the dielectric tensor we need ismuch less than given by cold plasma theory. To understand this
given by behaviour we note that the dielectric tensor elements are
@ 0 .y q functc;ons ofklin a hot',1 mggr?etis_ed plasma.I Also, in a highlyh
—q_Fre A overdense plasma, the dielectric tensor elements contain the

£z =1 w? NE:M(ZO)J(; 2'|![F'*5’2(Z')+':'*5’2(2’I )]5(4) large factor {/«)>. This produces large corrections to the

dispersion relation, in contrast to the more familiar underdense

where plasma regime where hot plasma effects are typically only
important near a cyclotron resonance. In our situation the
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effects of many cyclotron resonances overlap and contribute tlaser pulse energy to be as high as 6.2% when using the theory

the result. outlined above. The numerical simulations showed, in good
. . qualitative agreement with this theory, a transmission
Computer simulations coefficient of about 8% (see figure 3). We thus found the

We have attempted to investigate this effect using a particléansmission of laser light through a slab of overdense plasma
code. The numerical simulations were carried out using a fulljo become enhanced if both the electron temperature is high and
relativistic, fully electromagnetic, 2-1/2 dimensional (two the plasma is magnetised.

spatial, three velocity dimensions) particlein-cell (PIC) ¢tde

Here, a weak electromagnetic puldgf = 0.05M.asC/€)

was initialized in a vacuum region ahead of a pre-ionized
thermal slab of plasma and propagated towards this slab o
normal incidence.  An external magnetic field directed WQQD
perpendicularly to the direction of the laser pulse propagatiol %&
was applied uniformly throughout the simulation region. The
plasma was chosen to be only four times overdemge,(; =4)

in order to keep the dimension of the simulation box reasonabl

low. Furthermore, the plasma thickness was fixed at 0.7 of
laser pulse wavelength to ensure a (theoretically predictec
transmission of laser light at intensities well above the
background noise level while keeping the amplitude of the laser ) )
pulse within the linear regime. In order to achieve at least Figure 3. Blow up of the Poynting fi§ of the transmitted
qualitative agreement with our theory, the typical Larmor radius laser light in the same units as in figure 2.

of the plasma electrons had to be small compared to th .
longitudinal extension of the plasma slab. Due to plasmevmmary and Conclusions

temperatures of up to 125 keV, the applied external magneti® study of the linear theory of wave propagation in hot,
field in our numerical simulations was as large Bg = magnetised plasmas shows that the penetration of wave energy
2meecle. Finally, in order to achieve a relatively good into the overdense region may be over a much longer length
representation of a hot, Maxwellian plasma electronscale than would be expected from the usual skin depth, or
distribution, the number of macro particles used in ourindeed from anomalous skin depth theory. For the interaction
simulations was up to about 14,000 particles d%é)z- of laser light with plasmas of finite longitudinal extent, this
implies much higher transmission coefficients of the light at the
original laser pulse frequency when compared to the cold,
unmagnetised case. We have shown this behaviour both via
numerical integration of the laser light transmission for a given
dielectric tensor (see equation (4) for the case of the O-mode) as
well as through particle simulation codes. In both cases, we
found a transmission of the laser pulse energy to be several
orders of magnitude higher than the ones encountered in cold
and/or unmagnetised plasmas. In particular, we found the effect
of enhanced transmission only to take place if the plasma slab is
both hot and magnetised.

In  conclusion, we have shown that the propagation
Figure 2. The Poynting flug, of the laser pulse after reflection characteristics of electromagnetic waves in hot, magnetised
off the dense, hot slab of magnetised plasma in arbitrary unitsplasmas can differ significantly from the cold and/or

The plasma slab is located between 123.3c/w, and unmagnetised cases. We have confirmed both theoretically as
x=132.1c/ape. The main part of the laser pulse has been Wwell as via numerical particle simulations that enhanced
reflected off the plasma and is propagating backwSg®). transmission through a thin slab of overdense plasma becomes

Only a fraction of the initial pulse is transmitted through the possible if the plasma is both hot and magnetised.
dense layer of plasma and continues to propagate forward
(S>0). The peak in the centre of the simulation box results Acknowledgement
from interference of incoming and reflected laser pulse light This work was supported by the European Commission through
due to the reflection of the laser pulse off the overdense slab athe TMR Network SILASI, No. ERBFMRX-CT96-0043.
plasma.
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sam was fu ' ° ur cases wi ™ S C Wilks, W L Kruer, M Tabak and A B Langdon,

(2 keV) and high (125 keV) electron temperatures and with the-

external magnetic field,,; switched on and off. The case of Phys Rev. Leti69, 1383, (1992)
the hot, magnetised plasma is shown in figures 2 and 3. The M Bornatici, R Cano, O de Barbieri and F Engelmann,
transmission coefficient for the unmagnetised cases can be Nucl. Fus23, 1153 (1983)

estimated from cold plasma theory to be of the order f 10

our computer simulations, negligibly small fractions {200% 3. | P Shkarofsky,

of the initial laser pulse were found to be transmitted through ~ Phys. Fluid®, 561 and 570 (1966)

the slab of plasma for these cases. Similarly, the coldy Tajima, “Computational Plasma Physics”,

magnetised case held a transmission coefficient both Addison-Wesley (1989); C K Birdsall and A B Langdon
theoretically as well as numerically of about®10For the hot, “Plasma Physics via Co’mputer Simulations”. Adam Hiléer
magnetised case however, we found the transmission of the (1991) '
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Introduction Laser-Induced Degener ate States (LIDS) in He

The R-matrix-Floquet theory enables the interaction of intense Now some results are considered for the multiphoton ionization
laser fields with complex atoms and molecules to be studied inf He which continues work from an earlier stldy that work

a fully non-perturbative manner. In particular it has been used

to study multiphoton ionization, laser-assisted electron-atorr i

scattering, harmonic generation, multiphoton processe:

involving two incommensurate frequencies and, more recently |
the multiphoton ionization of diatomic moleciflesTaking

advantage oR-matrix theory the method is able to represent the

atomic or molecular structure accurately and so, for example i |

the role of resonances in the ionization process can be studied
detail. This has permitted a wide range of atoms and negativ
ions to be considered including H;,Hie, Ne, Ar, Mg, F CI

and Li. As well as yielding total ionization rates, partial rates
and angular distributions thB-matrix-Floquet approach has
enabled other phenomena to be considered. Of particule
interest has been the study of laser-induced degenerate stai
(LIDS). After presenting some recent results for the
multiphoton detachment of Liand LIDS in He a brief
description will be given of how the theory has been developec 4TS
for the molecular case. Then some results will be presented fc

Ho.

[Fau

T K] [INTERES oA Tide7s

Frequeney {nm |

Figure 1. The two-photon rates leaving the residual atom in

Multiphoton Detachment of Li the 2s(solid curve) an@p (dashed curve) states and the

Recently calculations have been perforfhed the multiphoton
detachment of Li There has been renewed interest in this
system in the last few years due to the first observation o
resonance structure in the total photodetachment cross sectic
by Berzinshet al¥, who found the region between B&*S’ and

three-photon rate leaving the atom in 8sestate (dotted
curve) divided by the intensity squared are shown for an
intensity of 18° Wem?. The inset also gives the partial rate
leaving the atom in thes state for an intensity of
10° Wem? (chain curve).

2po H
3p °P” thresholds to be dominated by a bréairesonance. a three-state approximation (1s,2s,2p) was used to describe the

For the work being considered, the saRamatrix basis as that He" target and was found to giwcurate values for the field-
used by Ramsbottorat al® was adopted. This included five free energies and widths OP° autoionizing states. In this
target states and two polarized pseudo-states to account for tABpProximation there is a double resonance, due to a single
polarization of the 2pP° target state. This approximation was Photon resonance with tHe2p ‘P° bound state and the three-
found to give a ground state energy as well as target staffioton excitation of the263p-3p2s) ‘P° autoionizing state,
energies in good agreement with experiment. It also yieldetvhich was investigated for intensities up td*1/cm?. Here a

total detachment cross sections in the low intensity limit which-IDS process is investigated at lower intensity as was suggested
were in good agreement with single-photon calculations such d8 that paper.

those of Ramsbottoret al” and with experimental results such | \ns occur when two atomic (or molecular) states which are

6) . . . _.
as th0§e of Dellwet al yvho |nvestlga;teod the Wigner cusp like " yressed by the laser field become degenerate for a particular
eﬁECt.'n the energy region near e P thre;shold. At hlghgr value of the intensity and frequency. Such a process is
energies the calculations were found to be in agreement with thg <. ~iaq by figure 2. In each part of the figure a single

. . 4) .
experiment of Berzinskt al™ as mentioned above. frequency is considered and the trajectory of each state

Figure 1 shows some two- and three-photon rates at dpllowed as a function of intensity, with the circle marking the
intensity of 16° Wem®. It is found that the structure in tBed ~ field-free value of the autoionizing state. In a) and b) the
channel at a frequency of 0.0484 au disappears at a lowéquency is respectively above and below that of a single
intensity (see inset). This is explained by a three-photohoton resonance between the states. In a) the autoionizing state
excitation of &P° resonance near ti8s threshold accompanied fakes on the character previously associated with the bound
by emission of one photon. This process interferes with thétate and vice-versa. In b) each state regains its original
direct two-photon detachment rate and so gives rise to theharacter but the effect of the interaction is very noticeable in
resonance structure. A large enhancement in three-photdR€ autoionizing state as denoted by the loop. In c) and d) the
absorption is found at a frequency aroud@55 au and is frequencies are once again respectively above and below that of
matched by a decrease in the two-photon rate. In this case orf€ degeneracy but are now much closer to it. In d) the
photon excitation of the residual atom from #pe?P° to the3s ~ interaction is very strong but each state just regains its original

S oceurs along with two-photon detachment. character while in c) they just manage to change over. This
indicates a degeneracy at a frequency of 0.7633345 au and an

intensity of 5.4 x 18 Wecm?® The work in recent years has
demonstrated that LIDS are a common feature of atoms in
strong fields.
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- ; J ; package, which involves a multi-centre expansion and has been
\‘ i | used for many years to describe the scattering of electrons by
o diatomic molecules (see eg Buriteal®). In the external region
l = 1 one of the electrons lies outside the sphere and exchange
,,'.' - | between this electron and the remaining target electrons is
i i - ' neglected. A single-centre expansion can be adopted in this
e L s T region and so use has been made of a computational package

developed by Déret al®, which has been used in the atomic
| — i 1 | L] - | case.

i A

fral
4

¢ % | Figure 3 shows results for ionization of ldt an intensity of
= 2 | W I.-"H‘t { 10" Wem? using a two-state approximation for thg' iresidual
:'} .\_;r'i. | molecular ion. There is a Rydberg seriesX doubly-excited
g / | resonance states converging to fhg" threshold which arise
W ’ L i, due to single photon excitation from the gtound state. Other
Mol —— calculationd have considered the dissociative ionization gf H
and also LIDS arising from one- and two-photon processes in
Figure 2. In each part of the figure the real and imaginary the neighbourhood of a double resonance between the ground
parts of the complex energies are shown as a function of state, a bound excited state and an autoionizing state.
intensity for the states which at low intensity correspond to )
the 1s2p P° (solid curve) and the263p-3p2s) 'P° (dashed Conclusions
curve) states. The arrow and the circle mark the states at lowThe results presented here have shown that Rimeatrix-
intensity. The frequency is fixed at 0.7634 au in a), Floquet approach is able to treat diatomic molecules in the
0.7633 au in b), 0.763335 au in c) and 0.763334 au in d). presence of a laser field as well as complex atoms and atomic
Intensities between band 18? Wem? are considered. ions. Future work will involve extending the molecular
calculations, continuing work currently underway on the five-
M ultiphoton | onization of M olecules photon ionization of He, and also to dgvelop time_-(':iependent
Recently new developments have been made wRhinatrix- approaches to treat shorter pulses and higher intensities.
Floquet theory to treat diatomic molecules. As in the atomicy
case this involves dividing configuration space into internal and .
external regions. In the internal region all the electrons liele authors acknowledge with thanks support from the EPSRC
within a sphere of radiusand exchange and correlation effects through a rolling grant and support by DENI for a studentship
involving all electrons are included by adopting an t© one ofus (JC).
antisymmetrized wavefunction. In order to solve this problemReferencﬁ
use has been made of a general UK molectanatrix
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The generation of high harmonics in the spectra of stronglywhen compared to the period of the laser field, and on the

laser-driven atoms has inspired much experimental andgjapaticity paramete/\ , which determines the proportion of
theoretical development in the past few yéarShe generation  non_adiabatic effects taking place at each crossing. We also
of a broad plateau of harmonics appears to be most effective ffynd that the overall intensities of the harmonics in the plateau

the laser intensity is such that tunneling of electronic wavgye directly related to the proportion of non-adiabatic effects
packets from the laser-deformed atomic potential is repeateglcuring at each crossing.

many times in a phase-locked fashion. This observation

provides the foundation for the very successful “recollisiodln @ more extended study; we found that the height of a
picture”, which provides in particular a widely acceptedparticular harmonic of the plateau depends periodically upon
interpretation of the cut-off energy (in the tunnelling regime) bythe adiabaticity paramete/\ , and shows an alternance of
relating the highest radiated frequency to the maximum kinetiqpeaks' and 'dips'. We related this behaviour to that of
energy which the ionized electron optimally releases when iprobabilities of population transfers, which determine the
returns from the continuum and recombines with the atomi opulation evolution, as a function of\ . We found in

2) i i i . ; . L .
core ”. Nevertheless, this picture does not give a cCleaparicylar that the intensity of harmonics is maximal when the
understanding of the origin of the plateau of harmonics. 'ndee‘ﬁme-dependent evolution of the populations form 'Gross

most atomic models presently studied, even very simple onegy,cyres' determined by the curves on which the values of the
which have no apparent connection with the recollision model

X . . . opulations lie at the antinodes of the laser field. The absence of
can reproduce high harmonic generation and predict thgoss structures in the population dynamics, for example in the
plateau-cut-off behaviour. In particular, the simplest model o

- ~case of a totally periodic population evolution, results in much
all, that of a strongly driven two-level system, can also prediclyyer harmonic intensities. We determined analytical
and reproduce the plateau and cutoff, as well as thgynressions for the gross structures and transfer probabilities by
characteristics of the phase of harmoritsyet this simple using the finite Landau Zener mod&l within an evolution
model contains no continuum and allows no possibility for any,atrix approach.

recollision processes, let alone many phase-locked recollisions;

it is therefore a very striking example of the generic character dflore generally, the total response of the system fundamentally

high harmonic generation. depends upon the population dynamics and we isolated
. |};x:\rticular population evolution regimes which give specific

These observations led us to look for another and more gener, o teristics in the spectrum emitted, both for harmonic and

theoretical approach, which would highlight the more

] e ) ~hyper-Raman lines. Those population regimes correspond to
fundamental processes involved in high harmonic generatloEarticular choices of the excitation parameters and are also

while giving new t()JOlS for its study. We established a picture o remely sensitive upon the initial preparation of the system:
periodic crossing8), which has allowed us to perform a study pence 5 way to 'tune' the spectrum accordingly is provided.
of the characteristics of high harmonic generation based Ofyg gre currently developing our analytical study further and are

concepts which do not take directly into account the structure ofjq, looking into a possible adaptation of our study to the case
the model atom, but its dynamical properties. The modelt model atoms with a continuum.

explicitely contains repeated encounters, phase locked to the

laser driving field, which are remarkably reminiscent of theReferences

recollision model. The picture of level crossings had alread M Protopapas, C H Keitel and P L Knight

been widely employed in the study of wavepacket dynamics’ Rep. Prog Phlys 60 , 389 (1997) and reférences therein
and had proved to be very successful for modelling a large ) ’ =
variety of physical problems. Our study allowed us to predict are. M Protopapas, D G Lappas, C H Keitel and P L Knight,
analytical rule for the cut-off energy of the plateau in harmonic  Phys. Rev. A 53 , R2933 (1996) and references therein
spectra emitted from strongly driven two-level atoms. We F | Gauthey, C H Keitel , P L Knight and A Maguet

described the population dynamics of the system by use of tl ]
Landau-Zener theory, in terms of adiabatic and non-adiabatic Phys- Rev. AS5, 615 (1997) and references therein

processes. This revealed that the origin of the plateau structure F | Gauthey, B M Garraway and P L Knight,
observed in high harmonic generation is linked to the presence phys Rev. A 56 , 3093 (1997)

of non-adiabatic effects occuring aach crossing, with

adiabatic following between the crossings. We were able t§- F1Gauthey, B M Garraway and P L Knight,
determine the criteria which have to be fulfilled in order to  In preparation

obtain a plateau in high harmonic spectra, in terms of values . B M Garraway and N V Vitanov

the parameters related to the Landau-Zener approach. These are Phys Rev A 55 , 4418 (1997) an’d references therein
conditions on the crossing duration, which must be very short =
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Introduction obtained from an iterative solution procedure of the Schrodinger
We report here a new theoretical analysis of spectroscopi nd Poisson equations for bound and free electrons r_espectlvely.
measurements from high density direct-drive implosion ound'stat_es are calculated in the Born-Oppenheimer (B.O)

approximation. Consequently the bound electron properties

performed on the Rochester Omega faciliy In these d d he i | ion R The BO
experiments, Ar-filled plastic microballoons were imploded to a%€P€" on the internuclear separation R as a parameter. The

simultaneous maximum density and temperature of 403gcm¢s\pprOX|matlon is valid because for the plasma parameters

and 800 eV respectively. Theoretical modelling of the time-considered in this work, where the ionic and electronic

resolved spectroscopic data was in excellent agreement Wi{ﬁmp;]eratu“as tire 0; ttl‘;]ethsaLne o(;der,dtfhe nulcletar \(eloclltlei_ are
experiment, save for an anomalous feature on the high-ener%}tjJC smatler than bo € bound and free electronic velocilies.

wing (blue side) of He-like Ar £sLs2p (Her). The He-like and r approach, which accounts for free electron screening,
H-like lines were observed during a considerable time intervalnegleCtS electron correlation. The accuracy of these calculations

but the onset of blue satellite-like features only appeared late iﬁig been tested to ensure that the bound energy levels go over to

the implosion, and was most intense at peak compression whe. e pure He atomic states when the internuclear separation is
both the density and the temperature peak. Since the Spatfgpreased.
extent of the excited-state orbitals at peak compression was
comparable to the average interionic spacing, it has been 10
conjectured that this anomalous broadening may indicate the r .
“initiation of a plasma-solid phase transition" V. Although it
will be a work for the future to clearly define if a solid-state-like
phase of ionised matter exists, the present analysis, based on a
novel treatment of line broadening relevant to very dense
plasmas, gives a quantitative interpretation of the observed
satellite-like feature in terms of orbital overlapping.

its)

uni

Description of the M odel

Our modelling, partly presented elsewhéteis based on a
description of the electronic structure of the argon plasma at n ,
peak compression in terms of molecular wavefunctions. In -,
traditional line shape theorie®, the electronic structure is [T T
calculated by modelling the plasma by a set of independent 3100 3200 3300 3400
cells, each containing a radiator and N perturbers (N ions + N' E (eV)

free electrons). The perturbers, considered as point charged

particles, are treated in classical mechanics, whereas the

radiator is described by the quantum theory. The influence of _. . .
the N ions on the atomic orbitals of the radiator is then taken Fi9ure 1. Comparison between Stark- and opacity-broadened

into account through an external field (Stark effect). This theoretical Ar-Hel IiSe profiles and exper’imgntal data scanned
treatment provides an independent atomic and plasma from Hooperetal @ Contrary to Hooper's fit (--------- ). the
description and does not account for the overlapping of the Presentline shape calculation (____)is in good agreement
excited-state orbitals from neighbouring ions that may occur in with the experimental data in the energy range
dense plasmas. In this context, the use oN-l-centre [3160 eV - 3220 eV]. The present fit was obtained for
molecular basis provides a better representation of theNe= 6.1G* cm® and T = 800 eV. The low-energy side of the
electronic structure. Such a description also presents the stroggperimental He-like fsls2p is dominated by Li-like satellites,
advantage of leading to an exact treatment of the multipolar not considered in the present calculation. The experimental
interaction to all orders. In addition, microfield Molecular background level was taken iraecount in the computations.
Dynamics simulations show that the Nearest Neighbour (NN) ) ) )
distribution gives an adequate approximation to the complet&omparison with experimental data
microfield distribution, suggesting that a two-centre descriptionWe compare in figure.1 our calculations of a Stark- and
of the electronic structure will provide an approximation to theopacity-broadened He line profile to the experimental data
exact many-centre calculation that is relevant (scanned from Hoopest al ¥). The opacity formula for each
Stark line profile employed in our analysis is that appropriate
for the normally emergent intensity from a uniformly emitting
and absorbing slab. Opacity broadening was accounted for by
&gjusting the effective optical depth so that the theoretical
rofile fits the experimental Heline shape in the core region.
he experimental background level was taken adoount in

Intensity (arb

The two-centre electronic structure is calculated using th
approach previously employéd extended to account for two
bound electrons using a simple Molecular Orbital (MO)
approach. Free electrons are treated as non-uniform electr
gas. To account for the lowering of the ionisation potential,

cylindrically symmetric confining volume is defined from the A ) .
particular ionic equipotential that satisfies the electricalPUl computations. The best fit to the experimental data was

—_ 4 3 —_ H H H
neutrality —condition. The model is self-consistent found for Ne = (_5'16 cnr” and T = 800 eV. This is in go_o_d
electrostatically and Ar bound energies and wavefunctions arddreement  with  the range of plasma conditions
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(i.,e. No = 4-6.16" cm® Te = 600-900 eV) inferred in References

reference 1. Computations revealed that the line shape of the
blue feature was strongly dependent on the electron density.
Increasing the density would broaden the signal and reduce its
relative intensity to the resonant component. Although figure 2. P. Gauthier et al,

shows a quite satisfying agreement between theoretical and Phys. Rev. E, to be published (July 1998).

experimental line shapes, the theoretical relative intensity of thg H R Griem

high-energy satellite-like feature is somewhat higher in the™ S : " IL', Broadening by Pl Academic P
energy region [3160 eV - 3180 eV]. This can be potentially ~ <>Peclral LIN€ broadening by Flasmas», Academic Fress,
attributed to the density and temperature gradients that may still New-York (1974).
be present in the experiments as a result of the finite tim@, P. Gauthier et al,

resolution (t = 60 ps) and not accounted for in the present  submitted to Phys. Rev. Letters (1998)
calculations.

C.F. Hooper et al,
Phys. Rev. Letter83, 267 (1989).

5. N. D. Delamater et al,
Phys. Rev. A31, 2460 (1985).
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Simulation of Time-Resolved X-ray Diffraction from Shocked Crystals

A Loveridge, J SWark.
University of Oxford, Clarendon Laboratory, Parks Road, Oxford. OX1 3PU. Email a.loveridgel@physics.ox.ac.uk

A Hauer.
Los Alamos National Laboratory, Los Alamos, NM 87545, U.SA.

D H Kalantar, SV Weber.
Lawrence Livermore National Laboratory, Livermore, CA 94550, U.SA.

Introduction which coherently sum to form the total wave field within the

In this report we intend to outline the method of operation of 4n€dium. This field interacts with the atoms of the crystal lattice

code we have developed which has the capability of generatif§ Produce a diffracted signal. For a complete description the
simulated time-resolved x-ray diffraction patterns (x-ray'€@der is referred to the text on the subject by Zachaflasen

streaks), and indicate directions in which we intend to extenethe concept of strain within an otherwise perfect single crystal
this work in the near future. The motivation behind this work isyas introduced by Takaff and independently by Taupirin

that the lattice dynamics of shocked crystals is not welkhe 1960's. They achieved this by allowing the [ttice

understood at this time, and so this work is fundamentallgpacing of the crystal to slowly vary as a function of position
interesting, and also there are applications where such \githin ‘the crystal. This generates an infinite number of
knowledge will prove vital to success - one of which is Inertial jifferential equations which describe the wave field within the
Confinement Fusion (ICF). crystal. However this can be reduced to two coupled differential

The current ICF target design employs a crystalline berylliunguations if one adopts the case where the wave field contains
outer shell, which needs to be uniformly compressed by th@nly two strong components (i.e. the incident and a single
shock drive if a clean burn of the deuterium-tritum fuel difffacted beam). These are known as the Takagi-Taupin
mixture, and hence energy gain, is to be achieved. During thgduations:-

main stage of the drive the target will be a plasma, however A

during the start-up phase the target will still be solid, and any ';BO‘ ODo(r) = YoDo(r) + ¥uDy ()
instabilities set up in this period will drastically effect the A _

efficiency of the burn. Therefore a detailed knowledge of the I_n By + 0Dy (1) = ¥oD () +¢,Do (1) ~ @, Dy (1)
dynamics of crystals under shock-drive is of importance.

©)

_ _ whereDy, (r) are the complex amplitudes of the incident and
Also, sub-megabar shocks have been launched into smglézn,_fr td’w v re the wave vectors of the incident and
crystals of silicon and lithium fluoride at the Trident laser acted wavesf,,  are the wave veciors of the incident a

facility in Los Alamos, and into silicon at the Nova laser in diffracted waves, ¢,y are complex susceptibilities,
Livermore, in which the shocks have been observed tog, =-2(6-6,)Sin26, —<Tané, in the case we are
propagate. However only a qualitative analysis of the data h

) - %Rterested in here angiis the strain perpendicular to the surface
been possible at this time.

of the crystal.

Theory We shall now switch to the more convenient dimensionless
The simplest model of x-ray diffraction in crystals is given byunits introduced by Zachariasén Equation (3) can be
Bragg's law:- specialised by considering the case whege depends on only

nA = 2dSin6, @ one _s_patlal varl_able, depth WI'[h.In the crystal. Under these

conditions equation (3) reduces to:-

Its simplicity belies its power to accurately predict the angles of dx A _ )
diffraction of any given crystal. Further, when expressed in its A X*(@+ik) =2X(y +ig) + @ +ik) (4)
differential form:-

A2d Dy A)‘[in|

g - Ak&otd (2)  where X(A)= ( , A is the dimensionless depth

- o . Dy (AN¥cl
it can incorporate small changes in lattice spadiid caused  yithin the crystal, j,, are the directional cosines of the
by the strain we, as shock wave physicists, introduce, an%cident and diffracted  beams, k = ! [ ! (with
predict the change in diffraction angle6 = 6 — 65 this causes, SR < the d ’ _,l'UHl Y b )

where @ is the new angle between the diffracted signal and thebo.n =¥on "/{o.H), gis t e dimensionless a sorption
crystal surface. parameter any is the dimensionless deviation from the Bragg

o _ ~angle in dimensionless units.
However, this is clearly not a satisfactory model for anything

but the most basic of studies. Amongst its faults are that iYVie, Tombrello & Vreelan®l showed that this equation could
contains no predictions about the form of the crystal rockind?@ Solved analytically under a layer approximation, so that:-
curve (reflection lineshape) and no information about the . _

relative strengths of different reflections. So we must look to a (A) = Ko * '(B+CX0 )Tan[s(A A0)] (5)
more complicated model, the most appropriate of which is the s—i(C+ BX, )Tan[(A—Ab)]

dynamical model of x-ray diffraction from crystals.

The dynamical theory of x-ray diffraction is the model which WNere X(A)=%. B=-(1+ik), C=y+ig and
must be used when large, perfect crystals are being consideregl=/c? — 8% . This iterative solution can then be used to build
It was developed |n|t|§1IIy by Darwthand modlfled tq |qclude up the rocking curve of a strained crystal.

the effects of absorption by PrfhsThe wave field within the
crystal medium is considered to be made up of the incident
beam, the diffracted beam and any secondary diffracted beams,
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Time-Resolved Diffraction Code signal. The sharp, vertical feature in the middle of the picture is

The starting point for our simulation work is output from the the “straight through” signal of the camera.
LASNEX® hydrodynamic simulation code. LASNEX output is

provided by S.V. Weber of the Lawrence Livermore National by e o .::{'.':;: Rslacation
Laboratory in the form of a series of elastic strain-depth profiles

for various times through the duration of the drive laser pulse
The code we have developed takes data of this form an
iteratively applies equation (5) for various angles of diffraction
around the Bragg angle. In this way, a dynamical rocking curv

ol
=

for each time step, assuming the strain-depth profile providet -pi7
can be built up. These rocking curves, when stacked back-t¢ ™ I=il
back, form a simulated x-ray streak of the shock drive proces: l
An example of a simulated streak is given in figure 1.
- - Unsochid 2 “"-:. . "
- o g % L
. i TR P — "u.:

Figure 2. Actual x-ray streak data, taken on Trident shot number
9744.

Futurework

Such simulation work as presented above is useful, as it allows
direct comparison between simulations and experimental data.
However, we intend to use it as a stepping stone to a far more
useful code; one will have the capability to extract strain-depth

profiles from data of the type given in figure 2. Such a code
Figure 1. A simulated x-ray streak. would prove to be a valuable tool to those interested in studying
r§hock waves in crystals (including, but not limited to, those
r,ﬁonductlng ICF research) as it would allow direct observation
of the shock wave as it propagates.

Cwrmica e Bragy fagd

Toiims i

The simulation given in figure 1 assumes a 20 pm thick silico
crystal whose <400> planes are oriented parallel to the fro
and back faces of the crystal. X-rays frorhahlraum irradiate
the back surface of the crystal, driving the shock, andrhe way in which such a code would operate is to start with a
diffraction occurs off the front face The diffracting x-ray guessed strain-depth profile, and to use the diffraction code
source is assumed to be the2p - 1s® transition in helium-  described above to generate a simulated rocking curve based on
like manganese (all of the above are parameters we typicalljis. The simulated rocking curve can then be compared with an
use in experimental work). In it, we can see several interestingctual shocked rocking curve and the guessed rocking curve
features; the twin progagating shocked signals, the drop imodified accordingly. By repeated application of this process
intensity of the unshocked signal as the shock reaches the frotfite simulated rocking curve can approach the form of the
face of the crystal, and the relaxation that follows. However, thehocked rocking curve, and the guessed strain-depth profile
significant point about this simulation is that it is quantitative -approach the form of the actual strain-depth profile within the

it predicts angular shifts and the reflectivity of the variouscrystal. We have proved this process feasible in the case of
signals, which is something which was previously not possiblemonotonic strain-depth profiles, but the technique has yet to be
This is a unique tool, allowing the people involved with thedemonstrated in the non-monotonic case.

theoretical work on ICF to directly compare their results with

those of the experimental effort. References
] 1. Darwin, C. G. (1914). “The theory of x-ray reflexion.”
Experimental Results Phil. Mag.27: 315-33 & 675-91.

Ibn parallel W|tr_1 the S|mglat|on work'descrlbed above, we hé}V? Prins, J. A. (1930). Zeitschr. f. Phys.(63): 477.
een conducting a series of experiments whose purpose is

observe the behavior of crystals under shocked conditions. Takagi, S. (1962). “Dynamical theory of diffraction
directly. These experiments have been taking place at the applicable to crystals with any kind of small distortions.”
Trident laser facility in Los Alamos and the Nova laser at  Acta Cryst.15: 1311-2.

Livermore. An example of the type of time resolved data we4

have obtained is given in figure 2. Takagi, S. (1969). “A dynamical theory of diffraction for a

distorted crystal.”
The data in figure 2 was taken on the Trident laser using J. Phys. Soc. Jap6(5): 1239-53.
identical parameters to those used in generating the simulation
given in figure 1, with the exception that the shock was®: ) . )
generated using a direct drive technique, rather than hohlraum Fayons X par les cristaux déformes.
(indirect) drive. Both the shock beam and the beam which drove Bull- Soc. Frang. Minér. Cris87: 469-511.
the x-ray backlighter were 2 ns square pulses, with the start ¢f wie, C. R., T. A. Tombrello, et al. (1986). “Dynamical x-
the x-ray pulse delayed by 2 ns with respect to the start of the ray diffraction from nonuniform crystalline films:
shock drive pulse, so that the shock breakout on the front face Application to x-ray rocking curve analysis.”

of the crystal could be observed. J. Appl. Phys59(11): 3743-6.

Figure 2 contains many of the features we have just described in  zachariasen, W. H. (1945). Theory of x-ray diffraction in
figure 1. It has twin shocked signals, a drop in unshocked ¢rystals, John Wiley & Sons.

intensity as the shock reaches the front surface, coinciding with
the peak in the shocked signal (indicating that all of the shocke@- Zimmerman, G. B. and W. L. Kruer (1975).
material is strained), and beyond a large, diffuse, relaxation Plasma Phys. Control. Fusi@(b1).

Taupin, D. (1964). “Théorie dynamique de la diffraction des
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Effect of a Radiation Field on lonization in non-LTE Plasma Mixtures

A Djaoui.
CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon., OX11 0QX.

Introduction The radiative spontaneous emission rates and corresponding

The solution of the ionization problem in a typical laser targe@Scillator strengths are calculated using hydrogenic formulae.
interaction experiment is complicated because of the existendghotoexcitation and photoionization ra_te§ and the stimulated
of many multi-electron ions that can have an extremely larg€Missions are derived according to MihalasThe radiative

number of excited states. This leads to rate equations thigcombination rates and dielectronic recombination rates are

require inversion of impractically large matrices. Furthermore 9iven by Post.

atomic data is not always available for all quantum states anfl/e aiso include excitation-autoionization from the ground state
this has led many authors to develop a variety of simplified angy; the cu-lik€ and zn-liké® ions for elements from selenium

yet adequate mo_dé%. The models rely on either treating & o yranjum. This last process is found to drastically alter the
small number of ions and states, or a larger numbers of ions g§nization distribution near the Ni-like stage.

the expense of averaged (less detailed) states of each ion.

) ) ) The reverse processes for excitation-autoionization and for
Lee’ describes such a model for the case of plasmas in steagye|ectronic recombination are not included explicitly. These
state. This uses a scaled hydrogenic model but goes beyond ¥, pe neglected for pure coronal conditions (low densities). In

simple average atom model by treating each ionization state anflger for the model to recover the LTE value at high densities,
the processes between them explicitly. The plasma is assumgeh following ‘ad-hoc’ procedure is used.

to be optically thin to all photons and no radiative excitation or
ionization are taken into account. The direct solution of the time-dependent rate equations for all
. 8 , . species (elements) is complicated. There can be large
In a previous paperwe have extended Lee’s model to the time yifferences in rate coefficients and this leads to a stiff problem.
dependent case and also generalized its application to mixturégapility considerations favor an implicit finite difference
of elements. The calculated ionization for each element in @cheme, which then requires inversion of large matrices. Our
plasma mixture is consistent with the resulting ambient electrogpproach is to deal with each species separately within an
density. This is not the case for models which can only handle grative procedure. Iteration is required whenever continuum
single element and must perform a separate calculation for eaf&/\/ering is included or when the mass density or atomic
element. number density are specified instead of electron density. With
In this article we add the effect of radiative excitation andth® assumption that energy levels couple to the ground state of
ionization in the presence of a radiation field, either self-emitted® Next ionization stage only, the finite difference equations are
by the plasma or externally applied to the plasma. We limi€aSt into a tiidiagonal form which can be solved efficiently.
ourselves to Planckian fields, the radiation then being'NiS assumption is valid when direct ionization from singly
characterized by a temperature. As before we assume that tR¥cited states dominates. Coupling to excited states of the next
electron distribution is well approximated by a Maxwellian i0nization stage can occur when inner shell excitation and

distribution and no hot electron component is taken intdonization become significant. Modeling of these processes
account. would require detailed energy levels and cross sections and is

beyond the work presented here.
An LTE option (Saha-Boltzmann equatiohsls provided to
allow for cold solid targets as encountered in experiments and
to test the high density limit of the non-LTE equations. The
resulting code HIMM (Hydrogenic lonization Model for 100 T T
Mixtures) is applied to typical problems in laser-plasma A0y Telooey
experiments. o) NS00 e

101E

M odéel

The ionization energies are calculated from More’s screening
constants and formita The number of shells included depends
on electron density and temperature when continuum lowering & 102¢
is switched on. This is also true of the number of ionization ©
stages since the ground states of low-lying ionization stages

may also be pressure ionized. 103

e state fractions

o ) ) . ) SeXXIV SeXXVI
The ionization potential depression is obtained from a

generalized form of the Stewart and Pyatt formula for mixtures.

The radius of each ion is calculated under the assumption that if

the electron density were uniform, the average volume occupied

by each element would contain just Z electrons, where Z is the
atomic number of the element. With this prescription, each ioriResults
stage of each element has a different value for continuur@omparisons:
lowering.

Figure 1. lonization distribution in selenium

In figure 1, we compare the non-LTE results from our model to
Most of the rates for atomic processes are calculated within theee's for a selenium plasma in steady-state and at a fixed
scaled hydrogenic approximation. Collisional excitation rateslectron density and temperature. The empty circles are taken
are taken from either Pdstor Sampson and Goldgn from Lee's work while the dots are the results from our model.
Collisional ionization rates are calculated from the LotzBoth codes predict the dominance for the Neon-like ionization
formuld®. The rates for the reverse processes are derived frostage. The small difference between the codes is the result of
detailed balance. differences in rate coefficients.
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the radiation temperature approaches the electron temperature
(from Tr=0 to Tr=Te) the ionization of Br tends towards LTE.
The effects of radiation are more important in the ablated, low
density plasma through which x-rays from the hohlraum
propagate. The tendency towards LTE in the presence of
radiation partly justifies the use of LTE opacities in previous
simulation of these ICF capsules. It should be noted however
that a more detailed simulation should solve the radiative
transfer equation for a local photon spectrum, which should
then be used for calculating radiative rates at each point in the
plasma.

Summary

A general ionization model for laser produced plasmas which is
applicable over a wide range of temperatures and densities is
presented. Both LTE and non-LTE equations are solved. The

Figure 2. lonization in brominated plastic when the effects of amodel allows for more than one atomic species, as encountered

radiation field are neglected.

101 T 30

Ie
.

—
25

Tr=Te(LTE

in many laser-produced plasmas. Energy levels for each shell
(having a given principal quantum number), of each ion stage
and of each species, are calculated using screening constants.
Screened hydrogenic rates are used for most atomic processes.
Excitation-autoionization rates are included for Cu-like and Zn-
like ions. The effect of a radiation field are also included and
are shown to drastically modify the non-LTE, optically thin

10

2.

CH cell number 3.

Figure 3. Effect of a radiation field on Br ionization in a 4
brominated plastic. :

Effect of radiation field: 5.

Neglect of radiative rates is valid when the plasma is optically
thin to all photons. This is no longer the case if an externag.
radiation field (in addition to the plasma self emission) is
present. Such situation occurs in the plasma surrounding a
capsule which is irradiated by x-rays inside a hohlraum in
indirect drive inertial confinement fusion experiments. The
outside of the capsule is made of brominated plastic (CH with-
0.25% Br and 5% O) shell which is heated with x-rays fom the
wall of the hohlraum. The x-rays penetrate through the ablateg
material and are deposited in the plastic shell. The opacity of
the heated material has then a direct effect on the penetration
depth of the x-rays and possibly on the performance of the
capsule. 9.

Figure 2 shows typical density-temperature conditions as well
as the ionization state of the plasma when no radiation is taken
into account. Although the non-LTE ionization for Br is quite 10.
different from the LTE value the average values <Z*>mix in
the plasma (C, H, Br and O) are similar. The low atomic
number elements (C, H, and O) in the mixtures are in LTE an
since they constitute the major fractional part of the plasma,
they effectively determine the average ionization. Br being a
minor constituent has no effect on the average ionization but
has a much larger opacity. As a result Br has a major
contribution to the total opacity. The effect of including a
radiation field on the ionization of Br is shown in figure 3. As

59

1o (Tr=0) results for Br in an ICF target ablator shell.
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A simple, quick and accurate method of evaluating escape factors

G J Tallents.
Department of Physics, University of Essex, Colchester CO4 33Q. Email tallg@essex.ac.uk

Simulating the effects of opacity on quantum state populations 1
and the emission of radiation from laser-produced plasmas id, :—l 12 ®)
often made with hydrodynamic coupled to atomic physics codes To(ﬂ n To)

such as MEDUSA and EHYBRIE. The transfer of radiation . . .
is calculated using escape factors It is possible to evaluate We havg foulnd. that equations @ gnd (4). can be f|t.t:.ed W'th an
the effects of velocity gradients on the escape factors using t pres_S|or|1dS|m|Lar to e‘}”f";‘“"'.‘ (}) Wl'th a S\'/'\Tpl.e mOd'f'Ci‘"O” of
notion of the Doppler decoupling lendth Recent calculations the optica ) epth to an ‘e _ectlve value. riting fgror T tots

of spectral line profiles using escape factors with Dopple2nd dropping the subscipts, we define a rewor use in
decoupling have been compared with high resolutionduation (1) such that

experimental measuremetfts In this paper, we illustrate a _, _ __b

simple technique for evaluating escape factors which is validd =&l (6)
over the optical depth range from 0 to 50 typically found in

laser-produced plasmas where a and b are parameters determined by the fit of the escape

factor of equation (1) form.  For,Twe have a = 0.71, b =
Escape factors have two similar, but not iderficates in  0.87 and for J, a = 1.45, b = 1.25. Equation (1) with this
modelling radiation transfer. In one sense, an escape factor isv@dified optical depth can be evaluated much more quickly
parameter which multiplies a radiative transition probability tothan equations (2) and (4) and the fits are accurate to within a
allow for the process of photo-excitation. In the other sense, dew percent for all optical depths less than 50.

escape factor multiplies the emission expected from a plasmalj:I ¢ f the f . 1 b ticall
it were optically thin to allow for the effect of opacity. In the ESCaPe factors of the form of equation (1) can be analytically

astrophysical literature, these two meanings are given diﬁererﬂ'f'tegre.ued tq give average angu'aT values. We assume a planar,
names to distinguish them: respectively, the net radiativé®"® dimensional plasma which is a goo_d approximation for
bracket and the escape probabflity In the first sense, the MOSt laser-produced plasmas. — The optical defph at an
escape factor for radiation at a particular wavelength is simplfndle @ to the normal to the plane of symmetry (the target
exp(T),wheret is the optical depth from the element consideredormal for laser produced plasmas) is then

to the surface of the plasma. Considering the second sense, the I(O)
escape factor ;Tat a particular wavelength for a plasma of z’((a) = — )
constant source function is given by an integration of the Cos@
equation of radiative transfer to give
and the angle averaged escape factor <T> is given by

_l_exp(_ltot) 1

T, = €
Tot <T>=[Tdu @®)

wherety is the optical depth through the plasma. In many 0

calculations, the line intensity integrated over the spectral ling hare y = cop  For an optical depth of the form of equation

p.rofile is required.. In.the seqond sense of the escape factpr th(@) and escape factor of the form of equation (1), the angle
gives for a Gaussian line profile and constant source function averaged value is given by '

17 iy e © (D) .
T, =——= [[1-exp(-T2e™ )ldy=y ———=— 1 01 E (2+1/b,ar”)0
U G e Y ey @ <Te=— - (©)
ar® Bh+1 b H
wheret’y is the optical depth at line centre through the plasmawhere g vy = J’Ln_yt) gt is the exponential
An asymptotic expression valid fot,, > > 2 has been given by 1 t
Rosé, viz. integral.  This angle averaged expression can be accurately
7 fitted to an equation of the form of equation (1) provided the

1 0 1 1 0 optical depttr is modified, viz.
L nmlmf°9ﬂ2+(lm‘}’/ 7 o ey T

o 770 t0 o [ "= (b+Dar (10)

wherey = 0.577 is Euler’s constant. Modified escape factors using the above fitting procedure have

been incorporated into the EHYBRID code for the evaluation of
spectral line intensities emitted in x-ray laser experiniéfts
In the first sense of the escape factor, a similar integration ovethe effect of velocity gradients can be taken into account by
a Gaussian line profile produces simply integrating the absorption coefficient over the Doppler
1 . ] o (-1)"(1,)" decoupling lengtf®® to calculate the optical depth or by a
T =— Ie—y exp(-7.e™ )dy = Z—o 4 similar fitting procedure as outlined here, but with the
2 \/71_% ° SEn(n+ 1)1’2 absorption coefficient scalelength to Doppler decoupling length
as an additional parameter in the determination of the a and b
wheret, is the optical depth from the element considered to theoefficients?.
plasma edge at the line centre. A well-known asymptotic
expression valid for, > 3 is
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Electron parametric instabilities in short ultra-intense linearly-polarized laser
pulses

H C Barr, PMason, D M Parr.
Department of Physics, University of Essex, Colchester, England, CO4 3SQ. Email barrhc@essex.ac.uk

Introduction Here we evolve the above system of ordinary differential
The relativistic mass increase of electrons in ultra-intense las@quations in time for given values kf The growth is then
pulses causes induced transparency of the plasma, saturationg@kily obtained from the time signal after a few e-foldings and

the electron quiveg velocity and gives rise to new parametri¢he frequencies and mode-structure obtained by applying an
instability regime$®. The latter generate laser harmonics andFast Fourier Transform routine to the solution

are Raman-like when coupling between light waves is due to
density fluctuations or are of the relativistic modulational andg g its
filamentation type when the coupling is due to fluctuations in . L . .

the electron mass incre&Se Laser light of frequency and ASSume alaser pulse propagating inxfurection, po|a2r|zed in
wavenumber &, k) couples any fluctuation atefk) to a e Xy plane U‘Q"th gmplltude. q = eA/mc” =
hierarchy of fluctuations atafnap, k + nkg) wheren is an  8-5X10 A (um)l 2(Wcm2). 2-”216 dlsper5|?n relation in the
integer. When two or more of these fluctuations simultaneousl{ooratory frame = W +L‘g c becomemz)o = N the pulse
correspond to resonant modes (or quasimodes) of the lasdf@me wherewy = @™ /)4~ andy,=(1+q72)™. We consider
plasma system, parametric instability is possible. This idiere scattering in the plane of polarization and choose a density
irrespective of whether the laser is circularly polarized (purelyof no=0.1n; wheren; is the laser critical density.

harmonic) or linearly polarized (where the anharmonic electror";igure 1 is a contour plot of the normalized pulse-frame growth
motion is comprised of harmonicsidp,nky) each of which

contribute as pump waves). We adopt an approach which [&€ v'/¢x plotted in the laboratory framekik,)-plane for
applicable for any density, laser intensity and polarization, ointensities ranging from weakly _to strongly relat!wstlc. A clear
scattering geometry. Here we show results for the decay of apttern of peak growth lobes is apparent which represent a
intense linearly polarized laser pulse in underdense plasma ag@mbination of phase matching and optimal driving. As a guide,

H H 2 2 _
look at scattering in the plane of polarization. the dashed lines are the circleg,—ky)" + k,° = n(n-2ay)
along which phase matching occurs between a resonant plasma
M ethod wave w=w, and a resonant scattered Wade nwh—y

We perform the analysis in the proper frame of the pulse, i_eqoupled througm—l_ intermediate non-resonant oscillations.

o _ o) o2 the harmonic number (dashed circle) amdis an integer
laser pulse phase becomps ~ct'/y; wherey = (147/c") ™ so counting the peak growth points in a clockwise direction along

that the laser, in this frame, appears as a homogeneoygcie This figure exhibits stimulated back, side and forward
oscillation having zero magnetic field. The exact periodic butRyman scattering (SRBS, SRSS, SRBS), the relativistic
anharmonic  solution is obtained numerically from the non-modulational and filamentation instabilities (RMI, RFI) and

linear but simple differential equation includes mode-coupling to all orders and driving by all
. 2 harmonics in the laser driver. The narrow peakscorrespond
Po +wpo(Po/ Yo +mu)=0 (1) to SRFS emission emerging at increasingly oblique angles as

rises. The lobe 1.2 is the usual SRBS. The lob2dor n>1
where the pump wave electron momentumpis the mass are SRSS at increasingly oblique directions relative to the
increasep=(1+po/n’c’)”? and we define a relativistic plasma packscattering direction. For higher harmonics, new sequences
frequency %r(t):%olyouz(t) wherea,, is the pulse frame of SRBS and SRSS occurmé&(n+3)/2 for n odd,
plasma frequency. These pump parameters are time dependeiit(n+ 2)/2 for n even). Fomj<1, emission is predominantly
only and give ndk-space oupling in the linearised equations. at the first harmonic with only weak growth at higher
When Fourier transformed in Space, these can be written in thﬂirmonics_ Growth at all harmonics rises rap|d|y Vqth]nt”
form (quantities normalized to laser parameters) g=1; thereafter a full complement of lobes appears with
.. > 5 ) 5 5 comparable growth rates over a wide region kespace
b+ (wpr (1) + k)b =ikep(t)(K @+ wpr ()(@=¢))  (2)  representing emission into many harmonics and into a set of
well-defined scattering angles. There is only a very slow fall-off
¢+w[2)r (t)l//:—ik_lcl(t)(kzw"' w%r O(@-¢) @) in growth With harmoni(_: numb&?. Although these_lobes lie
close to the lines predicted by the phase matching argument
_ above, there is significant deviation from weak coupling theory.
¥ - @=-ikey(t)y +ik “co(t) I (4)  The growth is such thav [ O, and hence is in an
intermediate regime between weakly and strongly coupled.

whereb is the magnetic fieldgthe electric potential andkg ~ Figure 2 shows a typical multimode structure of modes of
the irrotational part of the electron momentyssa+ik ¢, a is w+nwyfor the.lobe 4.1 which corresponds to scatter[ng mto the
the vector potential anol=i k xa). The periodic coupling terms flf’#m:j harmorllc at kar;;lfglz of+°510 .thethforwar?s d'r?m?nl'
are ()= K Chol®)/ o0, 0= K xpo/ o). Since the 8 0 B B e scalar potontiad(e) are.

a(w) and the peak atw=wy in the scalar potentiaj(c) are

coefficients are periodic, they admit Floquet solutions Whos‘?esonant scattered and plasma waves respectively coupled
characteristic exponent gives the dispersion characteristics. T'iﬁrough intermediate nonresonant modes: other nonresonant
standard procedure is to Fourier analyze in time, obtaining amodes outside this range are also generated and need to be
infinite set of coupled-mode equations whose solution gives thancluded to obtain accurate growth rates.

dispersion relation. This requires amalytic form for the zero
order solution which is only available in certain limiting c8ses
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Figure 1.Contour plot of pulse frame growth rate
V' lay, versus laboratorykg,k,). Contour range is
0.05(0.02)0.13.
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Figure 2. Mode composition of@), ¢« versus frequency
for lobe 4.1 whem=2.
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Figure 3. Growth rat@' /aj, versusk, when
g=>5 for exact back and forward scattering.
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Figure 4. RFI growth rate’ /ey, versusk, for q=0.5,5.

Figure 5 indicates the emission angles versus frequency for
radiation arising from each of the lobes in figure 1. They show
forward scatteringl< ;< 1/2 occurring predominantly into a
single angle for each harmonic; this becomes more oblique
with increasing harmonic number such th#& - 54°. In
backscattered directiongf2 < &, < 77 emission occurs atm,
distinct angles for a given harmonic numberwhere my

< (n+3)/2 whenn is odd, M < (n+2)/2 for n even.

Tt BT jn; T myie)
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b ol
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Figure 5. Emission direction versus frequency
when q =1(1),2(A),5(0) for each lober.m.

In conclusion, analysis carried out in the laser pulse proper
frame provides a general, rugged and easily applied method for
establishing the dispersion characteristics of electron

parametric instabilities in which the pump may be anharmonic

and the instability involve many modes.
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Higher Order Effects in Ultra-broadband Multi-frequency Raman Generation
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Introduction pumping may not be exactly tuned to the Raman resonance of

Ultra-broadband Multi-frequency Raman Generation (UMRG)the nonlinear medium. Thus, detuning has been incorporated
is one of the most novel nonlinear optical processes to havgto the model equations and analytical and numerical
emerged over the last few years. With ¢hs as the Raman investigations have been undertaken.

medium, our analyses have predicted that nearly 50 distingto; cases of negligible dispersion, we derived an exact
frequencies of comparable energy may be gener’é?_ed/lore analytical solution for the medium polarization weRe This

recent calculations for UMRG in air at atmospheric pressuréyaye defines the parametric gain in the system which, in turn, is
have preglcted that beams containing around 150 waves may Bgectly proportional to the bandwidth generated. We found that
attained ~. Experimental results, that support our overallihis analysis accurately predicts new qualitative and quantitative

predictions, are appearing in the literature. However, in SOMgatyres of bandwidth generation which arise from detuning of
configurations, effects which are additional to the main UMRGo pump beams (see figure 2).

process also come into play. We have investigated a range of
such higher order effects and their implications for the Re[P]
efficiency of ultra-broadband light generation. We outline here

results dealing with two particular higher order effects: 0.20
competing nonlinear processes and detuning of the UMRG

I
pumps from the Raman resonance of the medium. 0.15 7
Results 0.10 =
Our model equations have been generalized to incorporate a () ()5 & —
S SO,

non-parametric competing signal and a quantitative study

undertaken of its affect on the primary UMRG process. An 0.0 T

effective gain-length product for the parasitic proc2g§, was 0.05 L i
introduced and a simple analytical model developed for the case **

of competing processes arising from background noise or_() 1() I I I I

amplified spontaneous emission. Model predictions were found 0 20 40 60 80 100

to be in good agreement with full numerical simulations, and

showed that the efficiency and character of UMRG can u
effectively drive such parasitic processes below thresi8ld; Figure 2. Comparison of analysis and simulation data for the

Z" = 25 (see figure 1). Moreover, multi-frequency conversion evolution of the real part of the polarization wave when detuned
was also found to be robust_ when competing Slgna's grew from pump beams are emp|oyad|$ the propagation distance)
a strong seed, as could arise from the scattering of a UMRG

pump bean?. _ _ _
While we have shown that non-parametric competing effects
Zeff need not present any problems, it is also plausible that
frequencies of the UMRG spectrum coufshrametrically
12 | generate a parasitic wave. Our results on detuning effects have
been used to assess this possibility and we found that UMRG
9 A can also be robust in this respect.
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A second key issue is the effectiveness of experiment
configurations in which independent oscillator/amplifier chains ™
generate the two-colour pumping for UMRG. In this case, the
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Numerical Investigation of the Absorption of Multipulse Pumping
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Introduction Intensity | Interval | Intensity | Interval | Intensity
. . . N Pulse 1 Pulses | Pulse2 Pulses | Pulse3

Enhancement of the efficiency of generating Ne-like X-ray lase Wicm?2 1-2 (ns) | Wiem? 2-3(ns) | Wiem?

output with multipulse irradiation has been demonstrated irf A 1.0x105

several experiments. Various multiple pulse irradiation[ g 1.9x10° 15 19x10% | 0.8 1.6x10%

configurations have been investigatéd? experimentally. C | Lox10®° | 2 1.9x10% | 0.8 1.6x105

Nevertheless, the experimentdétermination of the optimum D | 1.9x10° 4 1.9x10° | 0.8 1.6x10%

pumping pulse configuration parameters such as the time
interval between pulses and the intensity of the different pulses
is very difficult 2. Numerical simulations can indicate the
optimum pumping condition and elucidate the important
physical parameters. However, many X-ray laser simulatio
codes do not allow for rigorous calculation of the absorption o
laser light near the critical density. The code described Hhere
(“Kavta”) does this with a calculation of the propagation of the
laser light by a selfconsistent solution of Maxwell’'s equations;
with a hydrodynamical two temperature systems of equations.

Description of the Hydrocode “Kavta”

absorption increases to 80%-90% (figure 1).
rglectron temperature increases from 170 eV to 550 eV and
fnaximum ionisation from 16 to 18 when a pre-pulse is
employed. Figure 2 shows that the plasma density and electron
temperature profiles at the end of a single pulse have greater
gradient then at the end of the first main pulse with multipulse

Table 1. Single (A) and multi (B,C,D,) pulse configurations.

The maximum

irradiate. It is evident that multipulse irradiation increases the
scale length of density profiles and decreases the refraction of a
propagating X-ray laser beam.

Plasma dynamics is described via a one dimensiona two-
temperature hydrocode with electron and ion thermal
conductivity, both natural and artificial ion viscosity, relaxation
of energy between ions and electrons and ponderomotive force
impact on plasma motion. Due to the ponderomotive force, the
scale of the hydrodynamical inhomogeneity is of order the scale
of the wave length of the laser irradiation and a very fine spatial
grid is used to model in detail the shape of the density profilein

4.0
Time (ns)

8.0

4.0
Time (ns)

8.0

the expanding plasma. The detailed density and temperature
profiles enable the proper calculation of laser fields and
absorption in each cell of the grid. Maxwell's equations are
solved for normal incident laser irradiation. The ionic
populations in the plasma are estimated via a set of atomic rate
equations for the population of the ground states.

The equation of state, electron-ion collisional frequency,
electrical and heat conductivity are taken into consideration
using parameters according to Mor&smodel. The target
dynamics from the low temperature solid state during the low
intensity long pre-pulse to the ideal gas during the high intensity
main pulse are thus well modelled.

Computational model

We simulated experiments on the LULI Nd-glass laser syste
at Ecole Polytechnique in Paris. Three beams at 06
wavelength were irradiated in a line focus geometry on an iron

m

Figure 1. Fraction of absorption (a) and electron temperature (b)
for the single pulse (A) and B,C,D multipulsesin time.
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Figure 2. Plasma density (a) and electron temperature (b) profiles at the
end of the single pulse (1) and at the end of the first main pulse (2). The

laser is assumed incident from the left and the distance scaleisin
wavelength units (A=1.06pm)

slab target. Lasing at 25.5 nm with gain coefficient atReferences

15+~ 3 cm® for a 20 mm long target was achieved. A single

pre-pulse and double main pulse was used for the driving beards R Smith, A MacPhee, G Tallents, Ph Zeitoun, F Albert,

( option C in the numerical simulations, see tablel). Three

other laser multipulse configurations modelled in the numerical

experiments are (see table 1): single main pulse (A) and
multipulses with different intervals of time between pre-pulse,
and first main pulse (option B and D). The duration of each
pulse was equal to 75 ps and the laser irradiation wave length
was equal to 1.0em. A plane Fe target in the numerical 3.
simulations with thickness 38, initial density 7.87 g/cfand
initial temperature 0.1e-3 eV was assumed. 4.
Results of numerical simulations

The numerical experiments show that the absorption for the
single pulse is low. About 25% of incident energy is absorbed

during the single pulse. For the multipulse configuration
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Rate Coefficients for Energy Transfer from High Rotational Levels of
NO(X?[Tw2,v = 3) in Collisions with He, Ar and N,
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significant population at the temperature of the experiment.

Introduction

Doubl DR . " id ¢ Ithough rates of RET are quite insensitive to initial J at low
ouble - resonance ( : ) experiments provide a POWertUb g moderate values of J, there is indirect evidence that

technique of investigating the spectroscopy and dynamics

molecules in specific quantum states. Over the past few years,
such methods have been employed in Birmingham in a series of
studies on vibrational and rotational energy transfer in collisiot
involving molecules in selected rovibrational levéls’. This
state-selection is provided using a pulsed infrared (IR) last
either an optical parametric oscillator or a difference-frequent
laser, which is tuned to an absorption in a fundamental

olecules in high J levels are more resistant to energy transfer

overtone band of the molecule of interest. The subsequent f ber6
of these excited molecules is examined using a tunakt K, = 1.88(+- 0.2) E-10
ultraviolet (UV) laser to excite laser-induced fluorescence (LIF /i
signals. Two kinds of measurement can be made. Either (a) | ey %/
frequency of the UV probe laser can be fixed, for example to ¢ “ ) -
x'!' ’i//
2e+6 //f
s
eyl
s P ///
[ — :
12 301 mtorr 0 8et+15 2e+16 2e+16
° [He] / moleculecm®
8
4 Figure 2. First-order decay constants for NO (v=2, J = 40.5)
versus concentration of helium
0
0 26 46 66 as the energy gaps approach or excedd kSuch information
25 would not only be fundamentally interesting but is also
. 507 mtorr important for the interpretation of a number of non-equilibrium
20 “ media such as that revealed by airglows from the upper
15 { atmosphere. The aim in the current project was to measure
&‘ overall and state-to-state rate coefficients for RET from high
10 3 rotational levels of NO.
5 “\«-—-\.m Experimental Strategy and Procedures
0 The basis of the experiments was to produce molecules, in this
0 le6 26 3e6 case NO, in high J levels of an excited vibrational level in two,
time/s photochemical stages. First, NO was generated with a broad
] o ] ) distribution over rotational levels, by pulsed photolysis of,NO
Figure 1. Kinetic traces showing decay of LIF signal using radiation at 355 nm. Then, before this non-Boltzmann
following excitation of NO to v =2, J = 40.5 distribution could relax, the IR pump laser which was tuned to a

transition from a high J level in the (2, 0) overtone band of NO
transition out of the level that is directly populated by the'Vas fired promoting molecules to a £ 2, J) level which was

IR pump laser, and the time delay between the two laser pulsgésentially unpopulated by the photolysis process. Finally, the
can be varied or (b) the time delay can be fixed and th edistribution of these excited molecules was followed using the

frequency of the UV laser scanned to record an LIF spectru \/ probe laser in the same fashion as in conventional IRUVDR

Kinetic experiments of type (a) provide values of the ratee'xperiments. The overall process can be represented by the

coefficients for removal from a particular rovibrational level, equations:

usually by rotational energy transfer (RET) as vibrationallaser 1: NQ + hv (A = 355 nm)—~NO(v, J) + O

relaxation is generally much slower. Spectroscopic

measurements of type (b) vield state-to-state rate coefficientgser 2: NOY¢ =0,J) + & (A =2.59um) - NO (v =2, J +1)
for transfer between specific pairs of levels. These two laset ) _ _

IRUVDR experiments have been applied to collisions involvingqaser 3 NN§X2£+2’,‘]; D+b (=247 nm)-

HCN, GH, and NO and the dependence of the rates of ( v J)
collisionally-induced transfer on initial state, collision partner

!
2 " n
and temperature have been examined. NO (X v, J") + hv

One drawback of the experiments that have been described is
that the measurements are limited to rotational levels that have a
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In the present experiments, laser 2, the tunable IR pump, was
the difference-frequency mixing Continuum system supplied by e
the RAL Laser Loan Pool. soont
Hm 00
"g 15 35 55 5 o5 1s 135
=
3 J=205
8 en
E Ky, = 2.4E-10 molecule ‘'cm® s*
E en
4e-10 £
¢ NO - Ar B
t #
2610 ? [ P P
i 2 o
@
g o1t J=315
0 K., = 1.7E-10 molecule 'cm® s*
:m 4e-10 NO - He dett
. .
‘_I(o E 211 f\!
210 i [ [} S s
g
IS Rotational state
% 0
2 6e-10 . .. .
g Figure 4. State-to-state rate coefficients for rotational
1 { NO-N energy transfer in collisions with He
4e-10 } 2
2610 £ initial rotational level (F 7.5, 20.5, 31.5 and 40.5) and collision
partner (He, Ar and . An example of some of these results is
0 shown in figure 4. These rate coefficients show a clear

05 55 105 155 205 255 305 355 405 propensity to be dominated increasingly by smdltransitions
as Jincreases. This is especially exaggerated; fordD.5. For
this level (not shown in figure 4), over 80% of the transfer
occurs to J =39.5

Rotational state

Figure 3. Rate coefficients for overall rotational relaxation for

different initial J and different collision partners Conclusions and Euture Work

) ) We have succeeded in making the first measurements on
Results and Discussion rotational energy transfer from specific high rotational levels by
In the present work, we measured overall and state-to-state raapplying a novel technique using three pulsed lasers. Our
coefficients for rotational energy transfer in collisions of NO experimental results are being compared with theoretical results
(XZI'I]JZ, v = 3) in rotational levels J = 7.5, 20.5, 31.5 and 40.5in an extension of an already fruitful collaboration with M H
in collisions with He, Ar and N at room temperature. Alexander. The work reported here is clearly capable of
Measurements on J = 7.5 and 20.5 were made using thextension in a number of interesting ways. First, we would
conventional two-laser IRUVDR technique. Those on J = 40.%ope to perform similar experiments in the unique, ultracold
were made using the three-laser method described in trenvironment provided by the CRESU apparatus. This will not
previous section, whilst experiments of both kinds werediminish our ability to access high rotational levels in NO but
performed on J = 31.5. Figure 1 shows some kinetic traces afill drastically reduce the collision energy, probably resulting
LIF signal versus time reflecting the relaxation fram= 2,  in much greater stability of molecules in high J levels.
J = 40.5 in mixtures of 10% NO in He. Figure 2 shows theSecondly, this new technique will be applied to similar
first-order rate coefficients obtained from a series of sucHneasurements on OH (from HNG®r HO,) or CN (from
experiments plotted against the concentration of He yieldingB'CN). Finally, we intend to examine competition between
from the gradient, the second-order rate coefficient forreaction and relaxation in the cases where a radical in a selected
relaxation. v, J level is produced in the presence of not a chemically inert

o ) as but rather a molecule with which the radical undergoes
The rate coefficients that have been obtained for overalfapid reaction.

relaxation are plotted against initial rotational leve) (@

figure 3. For each collision partner, the rate coefficients show geferences

small but significant decrease with@hich is in line with what 1. M. Islam. LW. M. Smith and J. W. Wiebrecht
has been inferred from line broadening parameters. The’ J..Phys. Chem '1994 08 92é5 ' '
variation is least for NO - He collisions which may be a result ' T

of the higher average collision velocities. NO-Ar and N©-N 2. M. Islam, . W. M. Smith and J. W. Wiebrecht,
are appreciably less 'sudden’ and will appreciate a more J.Chem.Phys., 1995, 98, 9676

rotationally averaged potential. 3. P.L James, I. R. Sims and I. W. M. Smith,
In addition to the overall rate coefficients for RET, we have Chem. Phys. Letters, 1997, 272,
measured state-to-state rate coefficients for all combinations of
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Photoinduced Absorption in Thin Oligo(phenylenevinylene) Films
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Introduction molecular side-by-side arrangement, but no macroscopic pre-
Derivatives  of  poly(phenylenevinylene)s (PPV)  and ference with respect to the substrate plane. The spectral position
f the main absorption region of 3PV fits very well with thg 2

polythiophenes (PT) are widely investigated as active? !
components in organic electroluminescent devices and fiel@amonic of the CLRC femtosecond pump-probe-laser

effect transistord 2. The basic physicochemical processes oféduipment, whereas 2PV absorbs at shorter wavelengths and

creation and recombination of charged intermediates can Hg&h be excited only in the weakly absorbing red-edge region.
investigated with fast spectroscopic techniciiés Thus, we concentrate on the results obtained with 3PV films.

In this report we describe optical pump-probe experiments ofExperiments

thin films of vapour-deposited oligo(phenylenevinylene)s nPV1ne samples were prepared by vapor deposition of nPVs under
with n = 2 and 3 vinylene units. high vacuum onto planar fused silica substrates at film
thicknesses of d = 10 — 90 nm.

The OPA system in the Lasers for Science Facility Ultrafast
Spectroscopy Laboratory was used at a repetition rate of
40 KHz and provided both pump (ca. 0.02 - 5 micai

A = 390 nm) and probe (ca. 0.005 - 0.75 midcmulses

(ca. 600 fs instrument response function). The beams were
overlapped at the position of the thin film sample. The pump
beam was chopped at ca. 2 kHz, and the probe beam was
,,,,, . sampled by two photodiodes, detecting both sample and
reference signals. The data were collected, by lock-in amplifier,
as kinetic traces at single probe wavelengths, selected by use of

interference filters.

10 T T T T
2PV

}
i

~

1-T

~—

0.5+

Results and Discussion

Two regions with intense transient absorption signals could be
distinguished in the wavelength regions of 800 — 1000 nm
(region 1) and 550 — 650 nm (region 2). In addition we
investigated region 3 at 440 — 500 nm where ground state

_.-----'I""' ,
20000 30000/ cm* 40000 depletion and stimulated emission can be expected.
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Figure 1. Ground state absorption spectra of 2PV (film
thicknesses d = 90 nm (1), d = 55 nm (2)) and 3PV films Figure 2. Normalized decay traces of tBe—~ S, absorption
(d =70 nm (1), d =10 nm (2)) on fused silica. Light of a 3PV film (d = 70 nm) on fused silica at different pump

p-polarized, incident under = 0° (1, 2b) and = 60° (2a). pulse intensities (observedlat 900 nm).
Figure 1 presents the ground state absorption spectra of 2PWe very intense absorption signals, ugTdT = 0.3, obtained
and 3PV films on fused silica substrates. The 2PV molecule# region 1 are assigned to excitonic singlet-singlet absorption
are highly oriented with their long axes perpendicular to thdS, - S, ), since a very similar signal can be observed also in
substrate plane, resulting in strongly anisotropic absorptiogjijute 3PV solutions in CkCl,. The rise and decay kinetics of
spectra. The 3PV molecules still show short range interfhe 5 _, s absorption have been monitorediat 900 nm.
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The main results are presented in figure 2. The normalised

decay traces show clearly that the decay kinetics are strongl{).015-

dependent on the pulse intensity. The decay traces are shorter
than in dilute solution by more than one order of magnitude.

-AA S— S

e -1 015

The excitonic decay in solution is exponential with 920 ps,
which is identical to the fluorescence decay time

Contrary to region 1, the signal decay curves of region 2 are0'010' . e
independent of the laser intensity (figure 3). The rise times are
very fast (within the pump pulse width), but the decay is very i \

nonexponential, extending from,;; =100ps to Ty, >10ns.

I
05 T \o i
1l - |
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0 1000 2000 t/ps
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Figure 4. Ground statedsching and recoveng; - S;) of a
3PV film (d = 70 nm) observed at= 460 nm, and decay trace
of theS, - S, absorption.

The rise and decay of figure 3 is tentatively assigned to the
formation and decay of radical ioig +S, — D'* +D"". The

formation rate is much faster than the decay rate gbShat it

is reasonable to assume that the radical ions can be formed with
high yield only from the vibronic Sstates. The initial fast
decay of the radical ions is assigned to geminate recombination
since the kinetics is independent of the laser intensity (the long
lived radical ions cannot be analysed with the pump-probe
technique).

Conclusions and Future Work

The present studies have shown the potential of the pump-probe
technique in the elucidation of ultrafast processes in organic
thin films. Further work is needed to conclusively assign the

observed decay traces to transient species. This will be greatly
assisted by spectral detection, e.g. by an optical multichannel
analyzing (OMA) system. In order to reduce thermal effects,

measurements have to be performed at lower light levels
(requiring enhanced signal to noise ratio) and smaller beam spot
areas. In order to investigate the effects of oxygen and of
temperature on the photophysics of organic films, especially on

Figure 3. a) Normalized rise curve of the transient absorption ofharge carrier formation and recombination, experiments under
a 3PV film (d = 70 nm) observed at= 620 nm (assigned to the high vacuum and at cryogenic temperatures are necessary.

D, —» D,transition in 3PV radical ions) and normalized decay

trace of theS, - S, absorption.
b) decay of theD, — D, absorption.

Kinetic Analysis
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Kinetics of ESIPT in 3-hydroxyflavones
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Introduction and, for example, experiments where the risetime of the
It is now well established that the acidity or basicity of certaint@utomer fluorescence have been determined have only led to
structural features of molecules are enhanced in the excitd@Wer I|m2|)ts (usually= 10" s*) being placed on the ESIPT rate
state compared to the ground state. If two of these features (ofi@”St@m]t :

acidic and one basic) are in close proximity to each other in @ yever, the development of femtosecond lasers has now
mholecglg itis possﬂ;le, on excitation, for a proton to “hop Ifrorrll rovided us with light sources which are sufficiently short-lived
the acidic site to the basic one - excited state intramoleculaycp, that measurement of ultrafast processes such as ESIPT are

proton transfer (ESIPT). In most examples of molecules which, .., possible and aumber of fs pump-probe experiments on
undergo ESIPT the acidic proton donor is a hydroxyl group angtq pr systems have now been reported
the basic acceptor is a nitrogen atBrar a carbonyl functioR '

An example of the latter is 3-hydroxyflavone (3-HF) where a
pyryllium species is produced following ESIPT (Scheme 1).

H H
/
1) 1 7
O R R
O (0]
hv X
| —_—> | <
=
(@] Ph (@] Ph o* Ph
Normal molecule Tautomer

Scheme 1. ESIPT in 3-hydroxyflavone

The excited tautomer produced by ESIPT usually has an energy
comparable to or slightly less than the excited state of thélarris' group have reported the sub-picosecond risetime of the
normal molecule. However, in the ground state the tautomer igutomer fluorescence in 3-hydroxyflavone as 240+50 fs in
of considerably higher energy than the normal moleculanethylcyclohexane and a&s125 fs in methandl. They have
(figure 1). The consequence of these energetics is that thalso invoked the concept of solvent assisted ESIPT to explain
absorption and fluorescence vgh of the tautomer are the more rapid rate constant observed in the alcoholic solvent.
considerably red-shifted compared to the normal moleculé\ similar suggestion was also made by Ghiggetoal. to
(hvy) and it was the abnormal Stokes’ shifts=010,000 crit explain their data for 2-(2'-hydroxy-5'-methyl)benzotriaZole
which first evoked interest in ESIPT systems. The concept is certainly an intriguing one but requires
considerably more data to validate it. Elsaesser and co-
workers have also studied the 2-(2-hydroxy-5'-methyl)-

ESIPT benzotriazole system where ESIPT is found to occur with a rate
A T constant of 163 s1, They have also found sub-picosecond
ESIPT rates for 2-(2-hydroxyphenyl)benzothiazole in

tetrachloroethene. Rates of 170+28 &md 160+20 & have
hvy been reported from measurement of the gain in a probe pulse at
630 nm following 315 nm excitation with a 140 fs FWHM
pulse. Arthen-Engelanet al. have performed femtosecond
pump-probe experiments on the related compound
2-(2"-hydroxyphenyl)benzoxazole in cyclohex@neA broad
transient absorption was detected "which decayed with a time
v constant of 60+30 fs giving gain in the keto fluorescence band".

These experiments provide a good indication of the (extremely

rapid) timescale for ESIPT.

Figure 1. Energetics of ESIPT in 3-hydroxyflavone We have been able to measure transient spectra over the first
few ps following excitation of 3-HF in various solvehtsWe

These compounds, especially benzotriaZblesd molecules h_ave_ complemented these with a pump-probe study of the
based on 2-hydroxyacetophenBneave been widely used as kinetics using the femtosecond laser system at the CLF, the
polymer stabilizers. As a consequence there has bedfsults of which are reported here.

considerable interest in the rate of ESIPT and how this varies

with molecular structure. Unfortunately, it has proved very

difficult to measure ESIPT rates because the process is so rapid

hv hvy
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Results and Discussion

Transient spectra for 3-HF in cyclohex3neeveal new
absorption bands at all times immediately after time zero where
the trace is essentially flat except for a large spike at the
excitation wavelength. At about 500 fs delay between pump and
probe a transient is observed which absorbs between 350 and
500 nm with a tail out toward 600 nm. This red-shifts over the
next few hundred fs to produce a transient (after 1 ps) which
mainly absorbs between 400 and 520 nm with a peak around
470 nm. The transient spectra at later times are all essentially
the same shape as the spectrum after 1 ps.

Transient kinetics taken around 450 nm at the CLF reveal a
biphasic rise over the first 20 ps. The two components of the
rise have lifetimes of 3-4 ps and approximately 100 fs. The
latter is shown in figure 2 and is attributed to the actual ESIPT

Absorbance change

Time (ps)

step whereas the slower component (shown in figure 3) is Figure 3. Biphasic transient kinetics of 3-hydroxyflavonein

probably due to molecules of 3-HF where the intramolecular
hydrogen bond has been broken and the lifetime of 3-4 ps
reflects the re-formation of this hydrogen bond.

cyclohexane

Acknowledgements
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g
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o
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Figure 2. The sub-picosecond risetime of the transient absorption
of 3-HF in cyclohexane 6
Similar measurements were undertaken in ethanol and

acetonitrile as solvents and biphasic kinetics were also observeld
in these solvents. In addition, the faster of the two components
in these two solvents also exhibited a risetime of approximately
100 fs, although the risetime of the slower component lay in the
range of 5-10 ps. These results conflict with the observations of
Schwartz et & who observed a slower rise for the fast
component in cyclohexane. This may be due to the presence 9f
water in the solvent or the time resolution of the system and we
are hoping to repeat some of these experiments on a system
with greater time resolution.

Despite these reservations, these experiments certainly prove
that the rate of ESIPT is extremely fast - certainly sub-
picosecond- and that correlations of ESIPT rate with molecular
structure are now perfectly feasible.
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Photo-induced electron transfer in the porphyrin triad H,TTP-4,4’ bipyridinium-
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Introduction

Substantial efforts have been directed over the past decades
towards mimicking the vectorial photo-induced electron transfer
and charge separation in photosynthetic reaction centres in view
of i) -the desire to understand at the molecular level the
mechanism of the primary steps in photosynthesis , ii)- the
design and the development of practical systems for light
conversion and solar energy storage. One approach for
modelling such processes consists in the building of linked
donor-acceptor molecules called poly&d#/ost of the related
studies involve porphyrins and metalloporphyriesduse these
molecules represent chemically stable models of the
chlorophylls of the natural photosynthetic reaction centres
where the absorbed light is converted into electrochemical
energy by vectorial electron transfers. The stabilisation of the
charge separation is generally achieved by the spatial separation
of the ion-radicals produced by vectorial electron transfer,
which prevents recombination of the electrical charges and by
energetic considerations on the potential energy surfaces of the
initial and final states described in the Marcus electron transfer B4
theory?.

Figure 1. Triad B-V-A, related dyads B-V and A-V and

Towards the stabilisation of the charge separation several .
porphyrin monomers B and A.

porphyrins linked to quinond or to viologen® moieties have
been synthesised, the energy level of the charge separated final
state (bi-radical) being much lower than the LUMO level, i.e 25
the energy stored in the lower localised singlet excited state of @azev/AVZB
these artificial reaction centres. In the present work we have zor TS AvziB aseey)
studied a triad molecule composed of two porphyrins ( a zinc K,
and a free base porphyrin) acting as electron donor groups in
the photo-excited state of the compound , and located on both
sides of a two electrons acceptor group (bipyridinium), which
plays the role of an electron trap. We designed this compound
to understand how the electron transfer paths (from the
porphyrin A or B to the respective adjacent pyridinium oo L
acceptor of the bipyridinium &7 linker, see figurel) compete

for the charge separation and how these steps are influenced by
the possible excitation energy transfer between the two
porphyrins of different LUMO levels.

=
«
T

A+V-+B

energy (eV)
5
T

0.5

Figure 2. Photoinduced electron transfers scheme
In a previous work’ we have shown by fluorescence photon
counting experiments that in the triad B2"\A as well as in the
corresponding dyads BfVand A-V' (see figure 1), the
fluorescence emission is strongly quenched as compared

The transient absorption variations recorded for the dyads and
he triad are represented in figure 3. The temporal profiles are

ermediate states that are weighted according to their
fferences in cross sections. These signals are at first
aracterized by a fast rise in the picosecond time scale,
llowed by a decay more complex than a single exponential.
he decays, at least for the zinc porphyrin dyad and for the
riad, are faster than the fluorescence decay times, previously
measured®. This means that the shape of the transient
During the experiments at RAL we recorded, after excitation ofbsorption signals are not only due to the variations of
the studied molecules in organic solution with a powerful@bsorption resulting of the population followed by the
femtosecond light pulse, the variation of absorption at differengleactivation of a unique singlet excited state, but do result from
wavelengths of the different intermediate states that are forme@d more complex deactivation scheme. If this was not the case, it
during the deactivation process. The aim of these experiments $§ould be impossible to explain the shorter decrease of the
the evaluation of the kinetic parameters of the electron transfébsorbance in the zinc dyad case as compared to the free base,
and charge recombination steps from the rises and decays of ttaking into account the values of the fluorescence lifetimes
transient absorptions. which vary in the opposite way.

charge separated states shown in figure 2 are energetical
allowed . Thus the shortened fluorescence lifetimes have be
tentatively explained as due to the favored electron transfe
which produce the radical cations of the porphyrins an
reduced forms of the bipyridinium acceptor, that would bet
evidenced in transient absorption spectroscopy experiments.

compounds (oxidation and reduction potentials), two diﬁeren[&t
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experiments because of the limited time resolution of the single
photon counting device=R0 ps). This upper excited state is in
competition with a charge separation process which populates a
lower singlet state with a rate constaptflom which electron
transfer also occurs at a rate lower than that of the upper state
. BVA 480 nm (rate constant (§. The emission of these lower and less
populated intermediate states can account for the quenched
luminescence observed with these compounds. Thus the major
contribution of the upper excited state is the fast charge
separation which produces light absorbing radicals, and the
AV 480 nm population at a minor concentration of a lower excited singlet
state which is responsible of the observed luminescence. This
model also accounts for the change in the shape of the transient
signals with the wavelength of the probe. The variation of
absorbance is in fact the difference between the ground state
absorption and the sum of the absorbancies of the different
intermediate states following the excitation pulse. We know
from previous photo-electrochemical experiments that the
porphyrin cation radical and the formal acceptor bipyridinium
anion mainly absorb at wavelengths longer than 600 nm, which
is as a matter of fact the spectral domain where the transient
absorption signals present a hump. On the contrary the singlet
excited states of the porphyrins have strong absorptions in the
400-500 nm region. According to the model shown in figure 4,

y T y T y T y T the calculated time course of the charge separated state and of
0 100 200 300 400 the singlet state show that the signals at the lower wavelengths
Time (ps) are dominated by the singlet excit_ed states absorptions wher_eas

at longer wavelengths by the radicals. The data collected with

the triad resemble those recorded with the zinc porphyrin dyad.
However after a fast decay the transient absorption reaches a
pseudo steady state of much higher amplitude. As no evidence
of triplet state formation was observed in previous experiments,

Figure 3. Transient absorption signals recorded after the the explanation we propose is the formation of a longer lived
excitation with a pulse at 415 nm, for the AV, BV dyads and charge separation species stabilised by the attraction effect of
triad AVB. The probe wavelengths are given in the figure. the remaining positive charge worn by the bipyridinium. The

observed faster decay as compared to that of the BV dyad, as
Thus, after analysis of many different schemes, the mechanisWe!l as the occurrence of a stabilisation of the charge
we suggest to explain our data in order to conciliate them wit§éparation, accounts for a favoured deactivation of the
the fluorescence experiments has to incorporate two distin@Xcitation by the electron patf instead of k(see figure 2).
emitting photo-excited states as drawn in figure 4. The .
assumption of these twtS states could be supported by the Conclusion
existence in porphyrins of two well known orthogonal transitionThe transient absorption experiments confirm the possible
moments of the singlet excited state. This effect could b@hotoinduced intramolecular charge separation in this family of
reinforced by the asymmetry imposed by the bipyridiniummolecular reaction centres models. The main path for electron
group. transfer in the triad appears to be issued from the localized zinc

excited state. However the spectral attribution of the formed

porphyrin radicals is not enough accurate to conclude

BV 480nm

BV 680 nm

S, univocally. Thus these conclusions have to be confirmed by the
use of a separate powerful technique of radical identification
% f such as transient Raman spectroscopy.
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The main feature of this model is essentially that the uppet  \. E| Barakaet al

excited state is rapidly quenched by electron transfer (step with  ppgtochem. Photobiol A, 113 163, (1998)
rate constant {§ giving rise to a quenched luminescence

lifetime of about 5-30 ps. This very short lifetime was

previously interpreted as scattering light in the luminescence

Figure 4. Photoinduced electron transfer scheme used for the fit
of the transient absorption signals shown in figure 3.
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Introduction was collected with a microscope objective and guided to the

In recentlypublished work!® we described the behaviour of entrance of the monochromator by an optical fiber.

several cyanine dyes adsorbed onto a natural polymeh . .
. . - esults and Discussion:
microcrystalline cellulose. In the range of concentrations under

study (from 0.005 to 25.Amol of dye per gram of cellulose) Ground state absorption spectra of several samples of TCC and
several cyanines exhibit sandwich type and/or head to tafi-Me-TCC adsorbed onto microcrystalline cellulose are presented

ground state aggregates. The aggregation is dependent on d figure 1, where we pI_ot reflt_ectance as a function of Wave_length.
structure and on the degree of hydration of the sample. or both dyes, low loadings simply show monomer absorption and
for high loadings (curve 5) 9-Me-TCC exhibits a new absorption
Steady-state and laser induced fluorescence emission maynd peaking at about 610 nm, which corresponds to J aggregate
provide different emission spectra. For several cyanines undésrmation.
study and for low loadings, only monomers (M*) emit and the
two emission spectra are equal within experimental error, while
for higher loadings a new emission (N*) was observed arising
from a photoisomer generated by the absorption of a initial
photon, and excited by the absorption of a second photon.
Supralinear dependencies on laser fluence were detected in
several cases®).

Apart from this new photoisomer emission, an amplified
spontaneous emission process (ASE) was claimed to exist
explaining the narrow emission peaks of
3,3 -diethyloxadicarbocyanine iodide both in acetonitrile
solution and adsorbed onto microcrystalline cellulse

The present study is a continuation of this work. Transient
absorption measurements with picosecond resolution were
performed for dry and wet samples of
3,3"-diethylthiacarbocyanine iodide (TCC) and
3,3’-diethyl-9-methylthiacarbocyanine iodide (9-Me-TCC)
adsorbed onto microcrystalline cellulose ranging from 0.02 to
15.0pmol of dye per gram of the substrate, to evaluate both M*
and N* lifetimes under the excitation of a powerful picosecond
laser system.

Reflectance %

Experimental

Ground-state absorption spectra and steady-state or laser
induced fluorescence emission spectra of powdered samples
were obtained using the methods and apparatus described in . ’ T r r r
refs. 1,2 and references therein. Fluorescence quantum yields 400 500 600 700
for TCC and 9-Me-TCC were determined at room temperature

using the method described in ref. 7, with rhodamine 101 Wavelength (nm)

adsorbed onto microcrystalline cellulose as refere@es1.0).

Figure 1. Reflectance spectra for samples of a) TCC and
Transient absorption measurements of 9-Me-TCC and TCC b) 9-Me-TCC adsorbed onto microcrystalline cellulose.
adsorbed onto microcrystalline cellulose were made by the use Sample concentrations: (1) O, (2) 0.05, (3) 0.10, (4) 1.0 and
of a pump and probe time resolved system, operating with two (5) 5.2pmol g'L.
independent tuneable optical parameter amplifiers described in
detail in ref. 6. Excitation pulses were approximately 1 psSteady-state fluorescence spectra of TCC samples, excited with
halfwidth. The pump wavelength was 534 nm and the prob@ 450W Xenon lamp at 530 nm simply show monomer

was 800 nm. The repetition rate was 1.0 kHz and the energgmission, in contrast with a pulsed excitation (nitrogen laser or
was about 31J per pulse. YAG laser) which produces both photoisomer emission and

o _ ASE. These results are similar to those obtained for
Fluorescenc_e emission spect_ra were also obtained under tﬁ%’-dimethylthiacarbocyanine iodide as recently repofied
same pumping conditions, using as detector a CCD camefSicosecond laser excitation, with a repetition rate of 1 kHz

coupled to a double grating monochromat8t. The  clearly creates different populations of emissive species, as
luminescence produced by the excitation of the picosecond lasgfystrated in figure 2.
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Figure 2. Laser induced fluorescence spectra for samples of Figure 3. Transient absorption decay curves for samples of a)

a) TCC and b) 9-Me-TCC adsorbed onto microcrystalline
cellulose, exciting at 532 nm and as a function of the dye
concentration. Sample concentrations: (1) 0.08, (2) 0.5,

(3) 10.0pmol g'l.

Strong photoisomer emission is clearly seen for TCC, while for
9-Me-TCC, mainly monomers emit, without ASE in both cases.

Transient absorption measurements exhibit quite different
behaviour for the two dyes, as shown in figure 3 where a long-
lived transient absorption attributable to a photoisomer is only
observed in the case of TCC.

In conclusion, we have shown that the luminescence properties
for the two thiacarbocyanine dyasder study are strongly
dependent on dye aggregation (J aggregate formation reduces
photoisomerization), and on the characteristics of the excitation
source.
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Introduction

A series of exploratory experiments were undertaken to prove
the efficiency of a spectroscopic source of molecules
containing metal atonm®. This source will, in future be used

in a number of two photon experiments in order to study low
lying electronic states in these molecules.

The dichlorides of the transition metals have been subjects of
attention in the past ® as they are the transition metal
compounds with the highest vapor pressures. As a result
significant vapor pressures can be obtained at temperatures of
around 1000 K. Previously a supersonic expansion has been
used to obtain vibrationally and rotationally resolved spectra
with rotational temperatures as low as 12°K . The

BTI-X'z |3

| 1 C'¥' X'y

2 E

T T T
465 470 475
Wavelength/nm

—1
460

wavelength range of observable fluorescence is, however, Figure2. Part of the laser excitation spectrum of CuCl around

limited because of the interference of the blduidy
background from the heated nozzle source.

The new spark discharge source has two big advantages. First
there is no thermal background and seconéaetion occurs
between metal atoms and a reactant to form gas phase
molecules. These molecules are relatively dilute and the
majority are able reach the sample volume without
condensing. Thus the species one is able to examine are not
limited to those with a high vapor pressure.

The series of experiments undertaken sought to confirm that
the target molecules, in this case Gu@hd NiC}, could be
produced efficiently in the new source.

Preliminary experiments

First attempts concentrated on observing Cu atoms sputtered
from the cathode. These absorb at 327.5 #itp{%S,) and
324.8nm (°P,2S,) (the ultraviolet) and fluoresce in the

green and orange regions of the spectrum. A little searching

was required as the signa proved to be very sensitive to the
timing of the discharge relative to both the argon gas pulse

T i

b A 6.5 2o LFL |

‘Wawalanglhinm

aEs0 258

Figure 1. The laser excitation spectrum of copper atoms
produced in a discharge source and supersonic expansion.
(The change in baseline appearance is due to a scan speed

change).

83

470 nm. The combs show the upper state vibrational quantum

number.

and the laser. The spectrum is shown in figure 1.

Second, a stream of chlorine diluted in argon was introduced

and fluorescence from CuCl sought. CuCl has some strong
systems in the blue region of the spectrum and these were
detected. The spectrum obtained is shown in figure 2.
Vibrational progressions in the BM-X'=* and theC'z "X z*

band systems can be seen. A pleasing feature of this spectrum
is the lack of congestion from sequence bands, which shows
that there is little or no excitation in the ground state
vibration.

A close up scan of the (2,0) band in Bf&1-X'>" system is
shown, with a simulation of this band, in figure 3. The
agreement between simulation and experiment is closest
using a Lorentzian lineshape with a 0.1Z"cfall width half
maximum (FWHM) and a rotational temperature of 40 K.
The simulation becomes increasingly bad as one moves to
lower frequency. This is because the same rotational
constants were used for all isotopomers of C§IL™CI,
Scu’cl, ®cu®Cl and, ®Cu®’Cl which have abundances of
1:0.33:0.43:0.14 respectively.

CuCl, absorbs strongly in the orange and fluoresces in the
red, but this proved quite hard to detect even though all of the

21264 21266 21268 21270 21272 21274
Wavenumber / cm-1

Figure 3. The (2,0) band of the B'M-X'=* band of CuCl. Upper
trace: experimental spectrum. Lower trace: simulated spectrum.

The simulation has a Lorentzian linewidth of 0.12%tand a
rotational temperature of 40 K
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T T
585 590
Wavelength/nm

Figure 4. Part of the laser excitation spectrum of ga@iund
590 nm

scattered light from the laser could be filtered out. Signals
from CuCl, were, however, observed but these were weaker
than hoped. This is probably due to the fact that the
equilibrium between CuClI + Cl and Cy@ more favourable

to CuCl than CuGl Part of the spectrum of Cudk shown

in figure 4. The complexity of the spectrum implies that there

is a degree of vibrational excitation which was not seen in the
monochloride. Unfortunately the upper state is not

sufficiently well characterized to enable the assignment of
these bands to be shown.

Finally searches were made for the 360 nm system of,NiCl
The spectrum which was obtained is shown in figure 5.
Unlike the 460 nm system of Ni£lhe 360 nm system is not
well understood. It is, however, relatively strong and the
equilibrium is in favour of the dichloride, which makes the
spectrum straightforward to find. The strong bands shown in
figure 5 can be matched to bands in the 360 nm spectrum of
NiCl, but this spectrum looks significantly different from that
obtained in the continuous heated expansion scurEkis
difference is probably giving valuable information, both on
the conditions in the supersonic expansion and on the origin
of these bands in the spectrum of NiGt is highly likely

that more than one electronic state is involved in this band
system. If these have significantly different lifetimes the
signals from the two states can be told apart using differential
gating. This has already been used to good effect in the
spectrum of FeGP

3|55‘ I Is‘sal I |3|57| R Is‘sgl
Wavelength/nm
Figure 5. Part of the laser induced fluorescence spectrum
obtained around 360 nm from the reaction of Ni atoms with
chlorine gas in argon. The spectrum of NiiSlexpected in this
region but this spectrum has not been unambiguously identified,
partly because of the lack of calibration lines in this part of the
spectrum.
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The degenerate four wave mixing (DFWM) signal from
CuCl,.

Attempts have been made to observe the DFWM signal from
CuCl, in the phase conjugate geometry. This geometry has
the advantage that it is far easier to align than the popular
BOXCARS geometry. Two main difficulties were encountered:
in the reaction of copper monochloride with chlorine to
produce copper dichloride the equilibrium favours the
production of the monochloride. It alsedame clear that the
precision of alignment required to separate the signal beam
from scattered light was not attainable. Source modifications
are currently under way to try to overcome the former so that
more target molecules can be produced. Optical mounts and
new optics have been purchased to facilitate the latter.

Futurework

The work carried out here has laid a solid foundation for a
number of future investigations. More recent work has shown
that other molecules in the transition metal dichloride series
can be usefully studied in this apparatus and there still
remains the possibility of four wave mixing experiments.
Although a degenerate four wave mixing signal was not
detected from CuG| once all the necessary improvements
have been carried out both degenerate and two—colour four
wave mixing remain to be done.

In addition it has also been shown recently that the range of
molecules which may be studied is limited to neither
transition metals nor chlorides. Given suitable reactants and a
metallic wire which can be sputtered this should prove a
versatile spectroscopic source.
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Reaction Dynamics with Monoenergetic Atoms

G Hancock.
Physical and Theoretical Chemistry Laboratory, Oxford University.

One of the most significant developments in gas phase reactiddur experiments first concentrated on the sequential two photon
dynamics over the past ten years has been in the use of lagecitation of NO. One photon was used to excite the molecule
prepared reagents to study the stereodynamics of chemical the A3 state near 226 nm, and the second to dissociate from
reactions. Polarised laser photolysis of a suitable precursahis state via Rydberg levels populated by absorption at 339 nm.
molecule forms a velocity aligned reagent (generally an atom)The wavelength of the second photon is such that it can be
and measurements of the polarisation of its reaction producterived from the same dye laser which produces 226 nm
probed by Laser Induced Fluorescence (LIF) or Resonanoadiation: 339 nm is formed by frequency doubling the
Enhanced Multiphoton lonisation (REMPI) can give fundamental output of a pulsed dye laser, and 226 nm from
unprecedented detail about the quantum state resolvedlixing the fundamental and doubled outputs. We have now
dynamics of the reaction. When a diatomic molecule is used ampleted an ion imaging study of this process, in collaboration
the precursor, then photolysis produces an essentiallwith Professor Dave Parker's group in Nijmegen. This has been
monoenergetic reagent distribution, as for example in studies dfighly successful: we have shown that we form two dissociative
the reactions of H and Cl atoms formed by photolysis oPHI channels giving GP) atoms in conjunction with R) and

HBr 2 and C?. The aims of the experiments carried out with N(*S), we have measured the anisotropy parameters for the two
the loan laser have been to produce a scheme for makingocesses (essential for unraveling the dissociation dynamics)
monoenergetic GP) and N{D, “S) atoms by the dissociation and have identified the Rydberg predissociative states

through Rydberg states of NO. Reactions of oxygen atoms have

relied in the past on the photolysis of the triatomic precursord/€ 100k delivery of the Continuum YAG pumped dye laser in
N,O ¥ and Q 2 for O(D), and NQ © for OFP) and this August 1997. Problems with the laser system were severe: the

necessarily complicates the interpretation of the measuref€@m quality particularly of the 226 nm output was poor (we
polarisations, as the atomic reagent now has a range of kinetit€d our own mixing crystal, but the major problem appeared to
energies and possibly a speed dependent anisotropy. e in the beam quality of the fundamental and doubled outpyts).

The dye circulators were faulty, and two dye cuvettes failed

13
Rs(20) Rs(19) Rs(18) Rs(17) Rs(16) Rs(15) Rs(14) Rs(13)
Ra(21) Ro(20) Ro(19) Ro(18) Ro(17) Ro(16) Ro(15) Ro(14)
111 R22) R1(21)l R1(20) l R1(19)“ Ry(18) “ Ry(17) MA Ry(16) l l ‘ Ry(15) “l
91
74
T
c
(=]
» 51
34
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-1 : : ! :
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Figure 1. LIF spectrum of NH (v=0) from N(°D) + Hz
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We received excellent help from the staff of the CLF, but thisReferences

could not disguise the fact that the dye laser was not of high

enough quality for our needs.

Radiation was eventually obtained, and we tested our 1+1 NO

dissociation scheme in the formation o) and its reaction

with H, to form ground state NH, observed by laser induced,
fluorescence (LIF) at 330 nm. What we immediately found was
that the spontaneous fluorescence near 330 nm from the NO A
state populated at 226 nm exceeded the small LIF signal$;
despite the fact that the Franck Condon factors at this
wavelength are small. The relatively long lifetime of the A stat

meant that we could not observe sensible LIF signals.

The Continuum laser was replaced by a LAS dye pumped by a
Spectra Physics YAG, with immediate and noticeable
improvement in quality and reliability. We correspondingly
turned to a different excitation scheme, that of coherent two"
photon excitation of NO at 275.3 nm, which had previously

been used to form RD) in the presence of Hwith consequent

LIF of the NH product under relatively high pressure conditions
®. Figure 1 shows part of the R branch LIF spectrum that we
have observed in this reaction under conditions such that the
rotational distribution is nascent. Again we measured th
anisotropy parameters from ion imaging experiméhtshich

showed that the RID) was largely unaligned, but that changing
the wavelength by a small amount resulted in new channel
opening for fast and aligned 1) formation. It is hoped that g

reactions of NiS) will be explored in the future.

Measurements of the Doppler profiles of NH were carried out,
but the signal to noise ratio was insufficient to enable reliable
vector correlations to be measured with the relatively lowg,

amount of N{D) formed by two photon excitation. The co-

product of the photolysis step at 271 nm is fastPp@atoms,

and an attempt was made to observe the OH product from tH-
OCP)+CH, reaction, the atom now having enough kinetic
energy to surmount the barrier. OH was seen, but it soon
became clear that it was the result of uv photolysis of HONO, a
persistent impurity in any system containing oxides of nitrogen
and H atom donors. Correspondingly the single photon
dissociation dynamics of HONO were studiéd, with
measurements made of the rotational state distribution and
lambda doublet ratios. Results were found to be consistent with
previous observations of the dissociation at higher and lower

wavelengths.

Our experiments have clearly demonstrated that aligned
monoenergetic atoms can be formed from the photolysis of NO
with a single laser source. We intend now to explore the use of
different techniques for product detection, in particular to move
away from LIF in the near uv which, as we have noted, is

contaminated with emission from thé3& state of NO when

the sequential dissociation strategy is used.
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Investigation of Physical Properties of the Liquid/Vapour Interface using
Second-Harmonic Generation

A Adam, J G Fordyce, R Spencer-Smith, JG Frey.
Department of Chemistry, University of Southampton

Introduction Using the same power as before, the focal point could be moved

It was the intention to measure the dependence of the SHEYEN further towards the interface before the generation of the
signal from the KSOyair interface on acid concentration and White light occurred. However this was not close enough to
the variation of signal with temperature. The use of aproduce a measurable second-harmonic signal. At this point,
completely different laser system to obtain and extend th&ere was only one other arrangement to try. This involved
results previously obtained with the experimental set-up in th&Sing the new, increased, power available to us and to back off
Southampton laboratory is an important tool in determining théhe focus to a point before the continuum started.
accuracy of data. A B
| i
I I

Experimental Arrangement

The Spitfire laser in figure 1 is a regenerative amplifier .
configured for the chirped pulse amplification of picosecond |

pulses. This RGA outputs 800 nm pulses at a repetition rate of ' :

1 Khz. The seed is a 200 fs pulse generated by a self mode-

locked titanium sapphire laser (Spectra-Physics, Tsunami).

After amplification and compression, the output pulses have Figure 2.Close-up of focal structure of laser
~1 ps FWHM pulse duration and ~20 tnbandwidth at a
central frequency of 800 nm. The pulse energy is in the ord
of hundreds of microjoules.

é?n explanation of why this set-up was able to produce a
measurable second-harmonic signal, while preventing the
production of white light, becomes apparent when regarding
figure 2. When the interface is located at point A, the angular

) _ expansion of the beam is a lot smaller than at point B. In order
Ar+  mTi-Sapphire for a white light continuum to form, the self-focusing effects of
the laser beam have to outweigh the defocusing tendency. This
5:9 Spitfire Doubler condition is easier to achieve at point A than point B as the
> H beam waste at point A is almost parallel.
E 1Khz 1ps 780-840nm OFA p P

As it happened, the onset of the white light continuum had a
Figure 1. Laser system used at RAL large dependence on the concentration of the sample in
question. As the concentration of acid increased, the threshold

Even at a moderate energy of J@Dper pulse, this resulted in a intensity for the onset of white light generation increased to a
large peak power being delivered to the sample. Shortly aftgtoint where the focus of the input beam could be moved very
experimentation began it became clear that a balance had to §@se to the interface. This resulted in an enhanced signal to
achieved between the signal level and the intensity of the beafipiSe ratio when using mid to strong acid concentrations. In all
at the interface. As well as molecular breakdown wherinitial cases, the focal point was moved as close as possible to
focusing tightly, another problem showed up. This was thdhe interface.

occurrence of the white light continuum. This happens as &gcong-harmonic generation is dependent on the intensity of the
result of self-focussing non-linear effects which are onlyjn,t heam at the interface. In order to achieve intensity high
achieved when using large changes in intensity over Shognough to produce a measurable signal at point B, it was

periods of time; conditions which are present in near the focg}g essary to use all the power available from the Spitfire. The
point of a picosecond laser pulse. The problem with a Wh't%nergy used per pulse was ~}00

light continuum is that light is generated over a very wide range
of frequencies. This spectrum includes the frequency being

monitored for the detection of SHG. Any second-harmonic /

signal generated at the interface will be several orders of

magnitude less than the continuum signal so this makes
detection impossible.

Several things were tried to prevent the generation of the white
light including lengthening of the pulse and variation of the
input frequency. It was thought that by increasing the temporal
duration of the pulse, the effect of reducing the intensity curve
with respect to time would keep the conditions below the
threshold limits for continuum production. Although the focus
could be moved closer to the interface after stretching the bea
in this way the problem did not reduce significantly enough to
proceed. It was decided to attempt the experiment at an inp@ne of the main intentions of the visit to RAL was to measure
wavelength of 800 nm. As this is the wavelength of the outputhe effects of temperature changes on the second-harmonic
light from the Spitfire, this meant we could use this directly,signal. A new cell was constructed, for this purpose, which
without including the OPA. Whereas the beam quality is nofenabled temperature control of the sample in an enclosed
varied much through the OPA, it does reduce the power of thenvironment; shown in figure 3.

beam. By excluding it from the system, the power delivered

could be increased by a factor of ten.

@ — Temperaiure control liquid

pfigure 3.Diagram of improved temperature controlled sample
cell
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Previous cells for this work have been open to the surrounding B=ax2

environment and allowed loss of the sample as a result of

evaporation. This became more of a problem at higher _ 32nw? V£, (20)
temperatures. Loss by this process meant that the concentration S ey(o)fe@o) £ (20)sin(0,(20))}

of the sample would be increasing and for systems with large
signal dependencies on concentration, this can lead tdhe concentration first used to attempt this experiment at RAL
misleading behaviour. was 12M. Theresults from this are shown herein figure 6.

™ T ™17 717 71T 71
Sample DIO0H & poux . -
Since the time available was very limited, the concentrations ofg | o Sout 1
H,SO, to be used for experimentation had to be chosen
carefully. Four samples were made up for use at RAL before
arrival to ensure accuracy of the concentrations used. The—
concentrations were decided upon by referral to the data show@ 20 i
here in figure 4:

30 T T T
" ROBBHSAL 5 Fe s
0O 20 40 60 80 100
20 " . Gamma f
T L. :._ i Figure 6. Results from first gamma dependence from RAL at
% ) = 12M acid concentration
o T L. T . 1 The X rations calculated from the theoretical fit are presented in
... table 2
054 ".i!i -
v Figures 7-10 and tables 3-6 present the data recorded and
r T T X analysed for gamma dependencies of 6M, 12M and15M sulfuric
concentationH. 0, (Mdla) acid concentrations.
{ m— — —— ) LA L |
Figure 4. Plot showing previously obtained data feB8® @200 | = Pou . .

o Sou 4
150 - .

uni

The four concentrations used, based on figure 4 were 6M, 12M,5

15M and concentrated acid, which was measured to be 18.13M.g
It was believed that a temperature change induced thea
concentration curve in figure 4 to shift to the right. If this - —lo0f
happened, it would show up, most dramatically, when using theC

15M solution. Ui 50
V)

SHG dependence on the polarisation of the fundamental T ol %le.®t + 1 .+ 1 leial
beam 2 0 20 G40 60/0 80 100
The plot shown in figure 5, is the behaviour of the second-
harmonic signal recorded prior to the RAL visit. Figure 7. Plot showing gamma dependence curve for 6M

PN e . s B S sulfuric acid, recorded at RAL

= Pou LI LA N B B B
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SHG signal (arb. ugitg
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SHG signal (arb. units)
5

20 0 20 G4O 60 /80 100 120 0
amma
Figure 5. Gamma dependence of 12M H,SO, 20 0 8 69 80 100
Tablg 1 showithe X .ratlos fognd when fitting the curves using Figure 8. Plot showing second gamma dependence for 12M
equation (1) ¥. This table includes a range of these ratios sulfuric acid. recorded at RAL
assuming a different refractive index profile for each value. '
Thisrange goes from that of the air, to that of the bulk. Although the values listed in table 4 have a better agreement
. with those presented in table 1, the scatter of the points suggests
lo-o =C|A” cOS' (1) + B” sin*(y) + 2cosgaBoos' (sim’ ()| (1) that these results are not as reliable as those listed in table 2.

Taking the average value for the two 12M results, the analysed

where: @ @ @
A= (@ Xooe + BaX oo ¥ 8uXzzz) data for a specific refractive index profileis shown in table 6.
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Figure 9. Plot showing second gamma dependence for 15M
sulfuric acid, recorded at RAL

A clear trend in the X ratios can be seen across the concentration
range shown. It is interesting to notice that the values of
Xoocz | Xzxx @emuch closer to unity than those values found

from pure water. This implies that the Kleinmann symmetry
rules? are being obeyed in the case of sulfuric acid.

Temperature dependence

A new difficulty arose when the temperature dependence
experiments were attempted. Signal responses were obtained
like the one shown in figure 10.

%
8

8
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the interface, even though it was possible to perform the
experiment at the origina distance without white light being an
obvious problem. It was thought that there might have been a
minute amount of continuum generation being produced
sporadically as the interface moved under thermal expansion,
towards and away from the focal point.

Since the amount of light produced from the white light
continuum at the second-harmonic wavelength, is several orders
of magnitude larger than that produced as a result of SHG, even
very small amounts would show up as a huge signal. The focal
point was moved further away from the interface, and the
behaviour seen in figure 10 decreased appreciably.
Unfortunately, the problem could not be eliminated and, when
subjected to rapid changes in temperature, reoccurred to a large
degree.

With this problem causing misleading results when continual
measurements were being made, it seemed that the best way to
proceed was to perform the polarisation measurements at high,
and low temperatures. This would show up any temperature
dependent tendencies of the sample more accurately than by
simply measuring the variation of the P-P signa intensity.

The experimental problem shown in figure 10 is reduced if the
rate of heating is minimised. As this also increases the time
taken to complete an experimental run, the chances of signa
degradation are also increased. The plot shown in figure 11 is
the only run which yielded reasonably sensible results. Each
point is the average of the previous hundred points, to account
for alarge modulationin signal.

SHG signal (arb. unit
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Figure 10. Plot showing response of second-harmonic signal
with temperature

Since it was extremely unlikely that this was the true signa
dependence on temperature, something else had to be the cause
of this strange effect. To eliminate the question of whether or
not the new sample cell was the cause, the same experiment was
tried using a petri-dish resting on a hot plate. Although this
would alow a lot more heat to be exchanged with the
environment, it would also show very quickly if this effect were
present. It would also indicate if the water bath, used to heat
the sample cell, was the cause of the problem. The effect,
shown in figure 10, reoccurred so the problem had to lie in the
sample.

Expansion of the sample was investigated next. The sample,
gtill in a petri-dish, was mounted onto a vertically adjustable
mount. At room temperature, the experiment was performed
again and the height of the sample was adjusted finely to
simulate thermal expansion. The result was quite astonishing.
The signal responded as would be expected from an
interference effect. With increasing height of the sample stage,
of the order of fractions of millimetres, the signal size increased
and decreased dramatically.

The boxcar integrators for the signal and reference were
separated to prevent electrical coupling. This went some way to
reducing the problem, although it was thought that the cause lay
in the primary detection system; namely the PMT and the pre-
amp. Both the pre-amp and PMT were exchanged for different
units and the strange behaviour reduced again. Findly, at the
concentration being used, 12M, the focus was backed off from

80 - SHG - Temperature 0.006 _

70 )
) c
= o)
250 x
© 0.005
S 40 g
IS R7)
2 30 00045 ©

20 7]

10 0.004

0 50 100 150 200 250 300 350

Run Number

Figure 11. Plot showing variation of P-P signal with
temperature for 15M acid

The P-P signal curve shown in figure 11 shows a clear increase
with temperature. This curve has been extensively smoothed.
Work in Southampton suggested that the curve shown in figure
4 shifts to the right with increasing temperature. The results
shown in figure 11 are consistent with thisidea

Figure 11 isre-plotted in figure 12 as afunction of temperature.

0.006

o
o
o
ul
ul

0.005

gnal (arb. units)

0.0045

SHG si

0.004

10 20 30 40 50 60 70 80
Temperature / °C

Figure 12. Plot showing variation of P-P signal as a function of
temperature
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Polarisation measurements were made at a temperature of 85°The results from the experiment at 85°C are very interesting.
was successfully performed at this acid concentration and the All the X ratios, shown in table 7, indicate a shift in value
results are shown here in figure 13 and tabulated in table 7.
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Figure 13. Plot showing gamma dependence for 15M sulfuric

acid at 85C, recorded at RAL

towards those calculated for lower acid concentrations. In fact,
the values presented here are very close to those calculated for
the 12M acid experiments. This provides more evidence for a
shifting to the right with increasing temperature of the curve
shown in figure 4.

Conclusion

The experimental difficulty encountered at RAL meant results
for only a very few acid concentrations could be obtained. The
great advantage of the system used was with the high repetition
rate of the laser. The temperamental nature of the experimental
set-up could be offset with the speed at which data could be
collected. The results provide further evidence that the profile
of the SHG dependence on acid concentration shifts towards
higher acid concentrations with increasing temperature.
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'rgfﬂi;i”ggfa"e index of 1.0000 1.0788 1.1576 11972 1.2364 1.3152 1.3940
grts;ti (')rrlte”ace index of 1.0000 1.0930 1.1860 12323 1.2790 1.3720 1.4650
Xzzz | X 2.26 3.06 4.05 464 5.28 6.76 853
Xzz2 | X oz 219 3.04 413 476 5.47 712 913
Xooc | X oz 0.97 1.00 1.02 1.03 1.04 1.05 1.07
Table 1. Calculated values for x ratios from Southampton at 12M acid concentration

Input interface index of

1.0000 1.0788 1.1576 1.1972 1.2364 1.3152 1.3940
Refraction
Output interface index of

1.0000 1.0930 1.1860 1.2323 1.2790 1.3720 1.4650
Refraction
Xzzz | X 1.39 188 250 2.85 325 416 5.25
Xzz2 | X oz 1.49 207 2.80 324 3.72 484 6.21
Xooe | Xz 1.07 1.10 1.12 1.14 1.15 1.16 1.18

Table 2. Calculated values for x ratios from RAL at 12M acid concentration
'r[‘d'or‘;;i’g;‘”‘ace index of 1.0000 1.0741 1.1483 1.1854 1.2224 1.2066 1.3707
?;tg‘étﬁ';‘ée’fme index of 1.0000 1.0836 1.1671 1.2089 1.2507 1.3342 14178
Xzzz | X 1.75 2.33 3.05 346 392 4.96 6.19
Xzz2 | X0z 1.63 2.20 2.92 334 3.80 4.87 6.15
X ! X sz 0.93 0.94 0.96 0.97 0.97 0.98 0.99

Table 3. Calculated values for x ratios from RAL at 6M acid concentration
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:;prl;girg;«face index of 1.0000 1.0788 11576 11972 1.2364 13152 1.3940
& aerface index o 1.0000 1.0930 1.1860 1.2323 1.2790 13720 1.4650
X222 | X xx 172 2.33 3.10 353 4.02 5.15 6.50
Xorz | Xoor 162 2.25 3.06 353 4.05 5.28 6.76
Xooc ! X oz 0.94 097 0.99 1.00 101 1.02 1.04

Table 4. Calculated values for x ratios from RAL at 12M acid concentration

Input interface index of

efraction 1.0000 1.0800 1.1601 1.2002 1.2401 1.3202 1.4003

Output interface index of 1.0000 1.1060 11932 1.2415 1.2898 1.3864 1.4830

refraction

Xzzz | X2xx 115 157 2.0 239 272 3.50 442

Xzzz | X oz 121 1.69 231 2,68 3.08 4.04 5.20

Xoox ! X ooz 1.05 1.08 111 112 113 116 117
Table 5. Calculated values for x ratios from RAL at 15M acid concentration

Concentration/ M 6 122 15

Xzzz | Xz 3.46 3.19 2.39

Xzzz ! X xz 334 3.39 2.68

Xoox | Xz 097 1.07 112

Table 6. Variation of X ratios with concentration, recorded at RAL
(a — averaged values)

Input interface index of

refraction 1.0000 1.0800 1.1601 1.2002 1.2401 1.3202 1.4003
Output interface index of

refraction 1.0000 1.1060 1.1932 1.2415 1.2898 1.3864 1.4830
XZZZ /szx 1.32 1.79 2.40 2.74 3.12 4.01 5.07
XZZZ /XXXZ 1.30 1.82 2.50 2.89 3.33 4.36 5.61
Xoo ! X 0.99 1.02 1.04 1.06 1.07 1.09 111

Table 7. Calculated values fgratios from RAL at 15M acid concentration at 85°C
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Luminescence imaging microscopy and lifetime mapping using kinetically stable
lanthanide (lll) complexes

A Beeby, | M Clarkson, S Faulkner, D Parker, J A G Williams.
Department of Chemistry, University of Durham, South Road, Durham, DH1 3LE, UK.

K Henbest, A W Parker.
CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon., OX11 0QX, UK.

T Powdll, V Twist.
Department of Physiology, University of Oxford, South Parks Road, Oxford, UK.

Introduction

Time-resolved luminescence microscopy offers many
advantages over conventional transmission and fluorescence
microscopy. As well as the improved sensitivity inherent in Laeteimitha
luminescence microscopy, time-resolution offers the possibility Zw=esum cexgl=
of gating out short-lived fluorescence emanating from

biological chromophore$ 2. To achieve this, the lifetime of

the luminescent reporter group must be significantly longer than

that of the autofluorescence. While small differences between Image ohrained using conrmstiond!
the lifetimes will suffice, the ideal reporter group should have a sghed gy

lifetime several orders of magnitude longer than that of
background fluorescence, i.e. greater than a microsecond .

Latallad mth
thodgmme §

Sensitized luminescence from lanthanide complexes offers an
ideal method, since energy transfer from aromatic
chromophores to lanthanide ions is well documeriednd
since lanthanide luminescence tends to be long lived and
independent of the degree of sample aeration.

However, little use has been made of such agents in time- P — EP———
resolved microscopy and the few reported examples utilise mﬂm,mﬁw @.,.imo”:a" )
kinetically unstable complexes based on amino-carboxylate Figure 2.

ligands such as DTPA. This is rather surprising given the wide o )

variety of kinetically stable lanthanide complexes which havecOMPlex. The lifetimes of the particles correspond closely to
been synthesised for use in magnetic resonance imaging (MRI1at of the complex in solution.

where the additional information provided by high resolution* More complex experiment involved the study of a sample

microscopy could provide important information regarding sub-consisting of a mixturg of particl_es labelled with the europigm
cellular localisation. complex and Rhodamine 6G. Figure 2 shows that the particles

. were found to be indistinguishable using transmission and
Experimental fluorescence microscopy. In the time-gated image it can be
Systems studied included silica particles, onion cells and guineseen that the Rhodamine 6G labelled particle is no longer
pig heart cells stained with either the europium (lll) or terbiumvisible, demonstrating that the short-lived fluorescence can
(I11) complex of 1. Materials stained with Rhodamine 6G were readily be gated out by such techniques.
used as a model for autofluorescence. Sample excitation used
the 3% harmonic of a Nd:YAG laser (355 nm). The Further experiments were performed using onion skin cells and
luminescence was then collected and focussed onto an imageainea pig heart cells. The guinea pig cells were loaded with
intensifier projecting the image onto a CCD camera. Timecomplex using electroporation. The images that were obtained
resolved measurements were obtained by control of the imagshowed staining of these cells by our complex and that the

intensifier gate period. autofluorescence could be removed by time-gating techniques.
Conclusions
The work presented here has demonstrated the viability of this
technique for the study of P
lanthanide complexes in a range Hw/‘M* o
of environments. We can now v O Nw@ P
apply the method to investigate /- Q[z Sjo o
the bio-distribution of these W
important materials. o 1
T,
References
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J. Chem. Soc. Dalton Tran§996, 3631

Initial investigations concentrated on demonstrating the
possibility of using the complexes in time-resolved imaging.
Images of silica particles labelled with europium (l1l) complex 2.
were taken at various time delays allowing a lifetime map to b
built up. Figure 1 shows the contrast that can be obtained usir%g
time gated imaging and the lifetime map for the europium (lll)
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REMPI studies of the photolysis of physisorbed molecules

C JSM Simpson, P T Griffiths.
Department of Physical and Theoretical Chemistry, Oxford University

M Towrie.
CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon., OX11 0QX.

Introduction Figure 1 shows the relative intensity of these two transitions for

Over the past year, we have extended our previous studies Jf° desorbed from the photolysis of NO dimers at 250 nm. As
the photolysis of alkyl nitrites and NO dimers. As before, a&€@n be seen, the;Rtransitions are considerably stronger than
transparent, insulating MgBurface was used to avoid surface- the Qu, indicating preferential population of tha(A’) A-
induced processes occurring within the adsorbate layer. Th@oublet. The relative population is 1.4 +/- 0.3.
allows our experiments to concentrate on the dynamics of thg Alignment of NO desorbed from iso-butyl nitrite
adsorbed molecules.

. . .. Over the past year, we have extended our previous experiments
In these experiments we have been primarily interested in the) i clude a more thorough study of the effect of the

electronic degree of freedom of the product NO and in theys|arisation of the photolysis laser on the (v,J) state and yield of
distribution of its angular momentum vector, J, in the Iaborator)ﬂesorbed products.

frame.
REMPI spectra of NO(v=2) were recorded for a number of
Experimental different polarisations of both photolysis and detection laser.

For these experiments, our UHV apparatus was transported fg)rough these spectra, we were able to investigate the
the Rutherford Appleton Laboratory. A base pressure oflignment of the product NO. Alignment is the anisotropic
2 X 1010 Torr was achieved using a combination of diffusion distribution ofJ in the |ab0rat0l’y fl’ame, and is manifest in the

pumping and liquid helium and nitrogen cooled cryopumps. ~ different strength of P-Q- and R-branch transitions within the
REMPI spectrum®. This is because of the well-defined

The MgF2 surface was dosed with the equivalent of around foudjrectionality of the transition dipoles with respect ofor
monolayers, and then moved into the path of the photolysigigh-J states, the Q-branch transition dipole lies paralld, to

laser beam. For the photolysis step, we used the frequencyhile that of the P- and R-branches lies perpendiculdr to
doubled output of the Laser for Science Facility’s nanosecond

OPO, giving a photolysis wavelength between 250 and 400 ndf Our case, we observed strong;-Qranch and weak R
and laser fluences of no more than 0.5 m?lcm transitions for vertical pOlarlsatlon of phOtOlySIS and detection

laser. We consider that this indicates that in this case the

Following photolysis, NO was desorbed from the surface. Iproduct is vertically aligned, i.e. that tAevector of the product
was detected using a two-colour, two-photon REMPIjies preferentially vertical.

spectroscopy technique. The frequency-doubled output of a dye ) ) o

laser was used for the resonant transition, in this case fie-x2 This was confirmed by rotating the plane of polarisation of the
> A25+ transition, with the electronically excited NO being detection laser to horizontal, so that the axis of alignment was

ionized by a portion of the output 308 nm excimer, which alsdPerpendicular to the plane of polarisation of the detection laser.
pumped the dye laseP. This provided a very‘ sensitive Stronger P- and R-branch transitions were then observed, as is

detection technique, able to detect a partial pressure 4p be expected if the distribution dfis perpendicular to the
2 x 10% Torr of NO with signal-to-noise ratio of 3:1. plane of polarisation of the detection laser (see figure 3 a).

In our experiments, in which the surface wasumnted

Results vertically, this mode of desorption may also be described as
1 A-doublet population of NO desorbed from NO cartwheeling away from the surface, as shown in the left hand
dimers part of Figure 2.

NO is an open shell molecule, havingtaconfiguration, and

for high-J rotational levels, the orbital can take one of two
orientations with respect to the plane of rotation of the molecule
2. In the first, denotedl(A"), the lobe is within the plane of
rotation. In the other, th&l1(A”), the lobe is perpendicular to
the plane of rotation. For thg Fanifold of the ground state,
these two orientations correspond to élespectroscopic states,
and are probed by the fand Q; transitions respectively.

/S(Horizontal polarisation)

I € (Vertical polarisation)

T T T T : - Vertical polarisation Horizontal polarisation
10k . I ] of photolysis laser of photolysis laser

08 [

] Figure 2. The dependence of the desorption dynamics on the

photolysis lasers is the electric vector of the plane polarised
detection laser.

06 [

04

02

Intensity / arbitrary units

‘ L In our second set of experiments, we studied effect of horizontal
0 10 20 30 40 50 60 polarisation of the photolysis laser. In this case, as shown in
Rotational quantum number, J figure 3, no significant change in intensity was observed as the
polarisation of theletectionlaser was rotated. Indeed, the ratio
of the Q; to Ry transitions is constant to within experimental
Figure 1. left hand figureRy; transitions; right hand figure,@  error. There is a small, though significant, change in the ratio
transition. The data are fitted to Gaussian functions. of the intensity of the @ to Ry, transitions. We consider that

0.0
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only small changes are observed because the J vector of tfibe study of the alignment provides a very sensitive study of
product NO makes almost the same angle with respect to bothe dynamics of the adsorbed molecules. Unfortunately, our
vertical and horizontal planes of polarisation of the detectiorapparatus is not particularly well-suited to this study, and our

laser, in contrast to the large changes seen for horizontabnclusions are only very qualitative. Nevertheless, we have
polarisation of the photolysis laser. These observations ateeen able to show that vertical polarisation yields vertical

consistent with a cartwheeling mode of desorption, in which thalignment of the desorbed NO, and horizontal polarisation

axis of alignment is horizontal. This is shown in the right handyields horizontal alignment. Moreover, the degree of alignment

part of figure 2. As can be seen in this caselthiector makes also depends on the polarisation of the laser, being a maximum
the same angle with both polarisations of the detection laser. with vertical polarisation.

Thus we have found that the axis of alignment in these surfagggfer ences

experiments depends on the polarisation of the photolysis lasey. )

In subsequent experiments, we found that the degree AE. Wiskerke et al.
alignment also depends on the polarisation of the photolysis J. Chem. Physi02 (1995) 3835.
laser, with horizontal polarisation giving a lower degree of2,
alignment than vertical polarisation. This effect has been
tentatively assigned to differing degrees of collisional relaxation
prior to desorption for the two polarisations, with horizontal 3:
polarisation resulting in a greater degree of relaxation. The
complete analysis of these results will be given in reference 4. 4

M.H. Alexander and P.J. Dagdigian,
J. Chem. Phys39 (1988) 4325.

R. Vasudev, R.N. Zare and R.N. Dixon ,
J. Chem. Phy80 (1984) 4863.

P.T. Griffiths, C.J.S.M. Simpson and M.Towrie,

. to be submitted to Chem. Phys. Letters.
Conclusions

Our measurements on the NO dimer system have been used to
make some suggestions concerning the upper state from which
the dissociation occurs. In particular, the preference for the
prtlobe to lie within the plane of rotation indicates that the
photolysis involves in-plane excitation of the planar molecule.

Data recorded for vertical polarisation of the photolysis laser

[Q,.+P,] branch [R,+Q,] branch

1 Vertical polarisation of
the detection laser

R,, branch

N

10 20 30 40 50

) [Q,+P,] branch

Intensity / arbitrary units

[R,+Q,] branch

| Horizontal polarisation of
the detection laser

R,. branch

%090 20 30 40 50 10 20 30 40 50 70 20 30 40 50

Rotational quantum number, J

Figure 3a. Comparison of NO branching ratios for vertical and horizontal polarisation of the
detection laser and vertical polarisation of the photolysis

Data recorded for horizontal polarisation of the photolysis laser

08p [Q,+P.,] branch

[R.+Q,]] branch

1 Vertical polarisation of
the detection laser

< [Q,+P,] branch . [R.+Q,] branch

Intensity / arbitrary units

1Horizontal polarisation of

the detection laser

/{?ibranch ]

0 10 éO 30 4‘0 50 10 éO Z;O 4‘0 50 10 20 310 40 50
Rotational quantum number, J

Figure 3b. Comparison of NO branching ratios for vertical and horizontal polarisation of
the detection laser and horizontal polarisation of the photolysis laser.
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Photophysics of Novel Electropolymerised Indoles

P Jennings, A C Jones, A R Mount.
Department of Chemistry, The University of Edinburgh, West Mains Road, Edinburgh, UK, EH9 3JJ. Email a.c.jones@ed.ac.uk

Introduction Results and Discussion

Conjugated polymers are organic semiconductors, theg tion phase measur ements
semiconducting behaviour being  associated with - the he emission spectra of the monomer and trimer species are
molecular orbitals delocalised along the polymer chain. Most o}rxem lified b tﬁose shown in fiqure 2 for 5-bromoindpole The
the interest in conjugated polymers has been concerned Wifﬂmerp emiss)i/on is considerat?l bathochromicall sHifted
their properties as conducting materials and comparatively littl : oy : \cally .

. . . : . felative to the monomer, consistent with the increaseatrin
attention has been given to their luminescence properties. S .
Conjugated polymers which have large semiconductmelectron delocalisation in the trimer system.
bandgaps can exhibit high photoluminescence quantum vyields
and there is increasing interest in the excitonic properties of S
these materials. At present, the best known and most intensively = " manomer | SBromoindole
studied example of such a system is poly(p-phenylene vinylene)

13 The electropolymerised 5-substituted indoles which are the ==
subject of this research project are new examples of g
photoluminescent conjugated polymer systems. The occurrence o]
of efficient luminescence in conjugated polymers has become of
technological interest since  the  discovery that
electroluminescence could be produced from poly(phenylene
vinylene) in thin-film light-emitting diode structure®. :
Electroluminescent polymer films have potential applications in wavelengh (om)
the development of large-area light-emitting displays.

331

) i o Figure 2. Emission spectra of the monomer and trimer of
Recent work in Edinburgh on the electropolymerisation of 5- 5-bromoindole in solution at room temperature.

substituted indoles has shown that the polymerisation proceeds

via a trimeric intermediate and that the polymer consists Ofrhe relative proportions of trimer and polymer species in the
linked trimer units” . The trimer intermediate is stable and can gjectropolymer film can be controlled using a rotating disc
be readily isolated. Using laser mass spectrometry and NMRjectrode and varying the concentration of the monomer in the
spectroscopy, it has been shown that the trimer has a cycligackground electrolyte”. When the working electrode is
structure of the form illustrated in figure”1 The polymer thus stationary, transport to the surface is diffusion limited and
consists of linked cyclic trimer units, rather than a linear chainypplication of an oxidising potential results in a rapid depletion
of monomers as had been supposed previdusly of monomer at the electrode sagé allowing linking of the

trimer units on the surface, forming chains of polymer
H H consisting of linked trimers. At high rotation speeds, forced

,\1 }\I convection occurs, refreshing the supply of monomer at the

surface; under these conditions, formation of trimer and film
\ -

growth is favoured over further oxidation to polymer and the
N R R 20E+05-

\ N— A 8
’ N
R

Figure 1. The structure of the 5-substituted indole monomer
and trimer.

10E+05-

intensity/ a.u.

The aim of this research project was to carry out a detailed
investigation of the photophysical properties of these systems
with particular emphasis on the factors which influence their
photoluminescence efficiency. The electrochemically generated —— B s o % % %
trimers and polymers of a variety of 5-substituted indoles, Wavelengih (hm)

5-cyanoindole, indole-5-carboxylic  acid,  5-bromaindole, Figure 3. Excitation (A) and emission (B) spectra of
5-ch|_or0|ndole and 5-met_hoxy|ndole, havg been investigated in 5-bromoindole electropolymer in solution.
solution phase and as intact polymer films on the electrode
surface, using the techniques of steady state fluorescencesulting film is rich in trimer species. The fluorescence
spectroscopy and picosecond time-correlated single photoproperties of the electropolymer are exemplified in figure 3.

500000

counting. The bathochromic shift of the polymer spectrum relative to the
_ trimer indicates exciton delocalisation over conjugation lengths
Experimental of several trimer units and the broadness of the spectrum

Steady state fluorescence measurments were carried out figflects the existence of a distribution of conjugation lengths.
Edinburgh using a Spex Fluoromax spectrofluorimeter systemy
Time-resolved fluorescence measurements were carried out
the CLRC Lasers for Science Facility, using a picosecon
mode-locked Nd:YAG-pumped dye laser system and a time
correlated single photon counting system.

he 5-substituted indole monomers and trimers exhibit single
ponential fluorescence decays, as expected for single emitting
pecies. The monomers have fluorescence lifetimes of several
nanoseconds, comparable with values which have been reported
for other indoles®?. The lifetimes of the trimers are also of
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several nanoseconds, similar in magnitude to the lifetimes of the
monomers. A typical fluorescence response function and fitted
monoexponential ecay function for 5-cyanoindole trimer are
shown in figure 4.

In  contrast, the polymer systems show complex
multiexponential dcays, as illustrated in figure 4 for

5-cyanoindole electropolymer. Exponential functions with at
least 4 lifetime components are required to adequately fit the ..
experimental decay curves of the polymer solutions. This
multiexponential dcay behaviour is indicative of the presence
of a multiplicity of emitting species, consistent with the picture
of emission arising from polymer chain segments with a _ .
distribution of conjugation lengths. Multiexponential decay Figure 5. The effect on the fluorescence response function of
curves are observed across the range of emission wavelengttf 5-cyanoindole film of cycling the potential from reduced to

characteristic of the polymer species, whereas at shorter OXidative polymerisation and back to reduced. The top

emission wavelengths, characteristic of the trimer species, a ﬂu_orescence response function is for an uncycled film; the
single exponential@tay function is found. middle trace shows the result of one cycle and the bottom

trace shows the result of two cycles.

10000

1000

100

time/ns

polymer system results in an irreversible decrease in
fluorescence lifetimes and hence in photoluminescence
efficiency. This is illustrated in figure 5 which shows the effect

on the fluorescence response function of repeatedly cycling a
film of 5-cyanoindole polymer between reduced and oxidative
polymerisation potentials. With repeated cycling. i.e. with

increasing chain length and cross-linking, the fluorescence
lifetimes become ever shorter until the film becomes non-
fluorescent.

experimental dataat 580nm
fitted function: lifetimes= 25ns, 7.7ns, 1.9ns, 0.3ns

10000 o

1000 o

counts (log scale)

B
s
!

~  experimental dataat 420nm

fitted function: lifetime=7.11ns

T T T
0 0 20 30 40 50
time/ns

Conclusion
. . . The fluorescence properties of a number of 5-substituted indole
Figure 4. Fluorescence response function for 5-cyanoindole gecroplolymers have been investigated in detail, in solution
trimer (420nm emission) with fitted monoexponentietady  4nq as intact polymer films. The electrochemically generated
function and for 5-cyanoindole polymer (580nm emission) WI'[hpolymer films show intense visible photoluminescence and,
fitted 4-exponential function. therefore, are potential candidates for the development of new
electroluminescent materials. The use of picosecond time-
M easur ements of intact polymer films resolved ﬂqorescence measurements_ in_ conjun(_:t_ion with
] ] ) ) o electrochemical control of the polymerisation conditions has
As in solution phase, the intact films exhibit broad unstructuredi¢orded an important insight into the factors which influence
emission characteristic of a superposition of many slightlyne juminescence efficiency of these systems.
different spectra arising from the existence of a distribution of
conjugation lengths. Using a demountable electrodeReferences
fluorescence response functions of intact polymer films on th R H Friend, D D.C Bradley, P D Townsend
electrode surface were measured. The films are highly” J. Phys. D ' 20 .1367 (19’87)
fluorescent in the reduced state but non-fluorescent in the ' T
oxidised state. The reduced films show complex2. J.H.Burroughs, D.D.C. Bradley, A.R. Brown, R.N. Marks,

multiexponential dcay kinetics and the lifetimes of the emitting
species are substantially shorter than those in solution, showing
that the photoluminescence efficiency is decreased. This
indicates that interchain interactions enhance non-radiativé"
decay rates. Interchain interactions may influence chain
geometry and hence conjugation length. Also, exciton hopping
between chains in the polymer film may lead to an increase ip,
non-radiative decay rate as a result of an increased rate of
exciton migration to quenching sites.

5.
The fluorescence of non-emitting oxidised films is restored
when the films are dissolved, indicating that it is the
morphology of the film not the composition of the polymer
backbone that is responsible for the quenching of th&:
fluorescence. The oxidised and reduced species in solution
show essentially identical fluorescence response functions. T
oxidised films are more electronically conductifigthan the
reduced films and electron transfer is expected to constitute a
major non-radiative decay channel in the oxidised intact film. 8.

The quenching of fluorescence by oxidation of the film is
reversible, reducing the film again restores the fluorescencé.
However, oxidation of the film to the point where linking of
residual trimers and oligomers to form a more extensive
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Kinetics of C,H Radical Reactions at the Temperatures of Interstellar Clouds

D Chastaing, PL James, | R Sims, | W M Smith.
The University of Birmingham, School of Chemistry, Edgbaston, Birmingham, B15 2TT. Email i.r.sims@bham.ac.uk

Introduction by the 193 nm excimer laser photolysis of a small fraction of
The investigation of reactive and non-reactive moleculath® GHz and then reacted with bothi€; and Q:

collisions in the gas phase at ultra-low temperatures is both of C,H, + hv (A = 193 nm) L CH+H ©)
fundamental significance and also of great importance in

solving a range of astrochemical problems, especially regarding CH + GH, - products 4

the improvement of models for molecular synthesis in dense CH+ duct 5
interstellar clouds” and planetary atmospheres. Until very H+ 0, - products )

I’ecently,all of the rate coefficients included in such mOdelSReaction (5) proceeds via a number of channels. Branching

were of dubious reliability, being either calculated theoreticallyratios are not completely established even at room temperature.
or extrapolated from experimental data obtained at much highgjowever, one minor channel produces B#4):

temperatures.

+ o 2p) +
Recently, we have, in collaboration with Dr Bertrand Rowe and CH+ O CHAD+CO (3
his colleagues in Rennes, developed a new technique which hasd the progress of reactions can be followed by observing how
enabled us, for the first time, to measure rate coefficients fothe intensity of the CH¢A - X) chemiluminescence varies
bimolecular reactions between electrically neutral species dowwith time ®:©.
to temperatures as low as 13 K. We have reviewed progress in
gas-phase kinetics at very low temperatures in an article fdresults
Annual Reviews of Physical Chemistry . To establish values of the second-order rate coefficlarasd
The ethynyl radical, @, is widely observed in dense ks, series of experiments were performed in which the

interstellar clouds, and it is this species’ role in the synthesis oqoncen:rat!on of eltilzerielz or tOz ;/valls V%r('ﬁq Wh,:|hSt the ot'gher ¢
cyanopolyynes that was the primary motivation behind this(éoﬂceqk:a |c|)_|n Wa:js Elp constant. In adaition, the reactions o
work. The higher members of the series of cyanopolyynes 2 ™! CoHaand GHe

H(C),,CN with n < 5, are the species with the longest carbon C,H + CH, N products (6)
chains which have been unequivocally identified in dense
interstellar clouds” 9. In 1992, following on from our earlier CoH + GHe - products )

work on CN radical reactions with hydrocarborts we have been investigated in series of experiments in which
suggestell that these species might be generated by sequenCgia ent concentrations of these additional reagents were added
of neutral-neutral reactions involving CN angHC(ethynyl) 1 miytures containing constant concentrations of bet,@nd

radicals with polyynes and smaller cyanopolyynes; i.e. 0,. The temperature-dependence of the rate coefficients for

C,H + H(C)H = H(C)aneoH + H (1a)  reactions of gH with CGHy, O,, CH, and GH; are displayed in
figure 1.

CH+H(CrCN - H(C)ns2CN + H (1)
Di .

CN+HCRH - HOWCN+H ()  _ooison

The magnitudes of the rate coefficients for the reactionslef C
In this work, we set out to measure rate coefficients fowith C,H,, C;H, and GHs, their lack of any dependence on
reactions of type (1a), as well as other reactions of #h¢ C pressure and their increase as the temperature is lowered, as
radical, at temperatures as low as 15K, using lasewell as thermochemical considerations, all point to these
photochemical techniques in the ultracold environment of theeactions proceeding via initial formation of an energised
Birmingham CRESU (Cinétique de Réaction en Ecoulementomplex which then rapidly loses a H atom, such that

Supersonique Uniforme) apparatus.
personia ) app CH+CH = CuHy+tH @

Experimental This proposal parallels that madefor the reactions of CN
The heart of the CRESU technique lies in the nature of theadicals with unsaturated hydrocarbons, where again the
isentropic expansion of gas through a convergent-divergerdverwhelming evidence is that the radical displaces a H atom in
Laval nozzle. It produces a supersonic flow of gas which ishe molecular reagent. The kinetics of the reaction betwegldn C
uniform in temperature, density and velocity and which endureand Q again suggest that reaction proceeds via the initial
for several tens of centimetres and hundreds of microsecond®rmation of a transient energised complex, in this case a
The density of gas in the flow is quite high {#610"  substituted peroxy radical, over a potential energy surface on
molecule crif) and frequent collisions ensure the maintenancavhich there is no barrier between reagents and complex. This is
of thermal equilibrium. The rapidity of the expansion and theundoubtedly the case for the isoelectronic reaction between CN
fact that the gases do not make contact with cold surfacesnd G ?. In the reaction between,& and Q, a number of
prevents condensation. A diagram of the Birmingham CRESUeaction product pathways are possible on thermochemical
apparatus;) is given elsewhefe A full description has been grounds but our results shed no light on the branching ratios.
published"”.

The kinetics of GH reactions were studied in the ultracold
environment of the CRESU apparatus using the pulsed laser
photolysis-chemiluminescent marker (PLP-CL) technique. Our
first, and most extensive, experiments have been carried out on
mixtures containing relatively small concentrations of both
C,H, and Q diluted in the carrier gas (He, Ar opNfor which

the particular nozzle was designedHGQadicals were generated
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Figure 1. (a)—(d) Rate coefficieritfor the reaction of ¢4 with C,H,, O,, C;H, and GHg respectively, plotted on a log-log scale
against temperature. The filled symbols show the results of this work: c#jle®ijoting Ar carrier gas; squard®) (N,; and
triangles () He. Where applicable, the results of Van Look and Pe®tesing a comparable chemiluminescent technique are
shown as open squard3)( while the results of Leone and co-work¥rs? obtained by an infrared laser absorption technique are
shown as a solid line (—). In addition, the combined cell and CRESU results o&Sims” for the analogous CN reactions are
shown as open circle©|
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Diffraction Spectroscopy using a 1 kHz Femtosecond-laser Generated X-ray Source
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Introduction detector. This rate was approximately 100 - 200 times higher
The experiments were carried out to explore potentiafhan that obtained at RAL using the vacuum chamber and

opportunities in the area of picosecond/femtosecond timeSOPPer nitrite jet.
resolved X-ray spectroscopy by utilising the novel X-ray source_. .

technology developed at Imperial Coll¥g&he source is based Diffraction Pf;\ttern of Water -

on focusing intense fs laser pulses into a flowing liquid targe®\ goal of this study was to measure a diffraction pattern of
housed within a vacuum and generates either quasi-continuuwgter.  This has been identified as a first step towards

or quasi-monochromatic ps pulsed X-ray radiation. developing the technique for ps time-resolved X-ray
. . . spectroscopy to investigate the ultrafast dynamics occurring in
Chief experimental goals were (i) to reproduce IC results agqytion phase chemical reactions. Picosecond and

RAL and assess the source performance under conditioRgmiosecond experiments carried out by others have so far only
specific to the RAL laser system (i) to optimise the X-ray gycceeded in the detection of time-resolved pattern of heavy
source (iii) to obtain the diffraction pattern of water (iv) 10 metals and crystalline structufds These experiments were
assess the applicability of the X-ray source at RAL USetarried out at similar X-ray fluxes to those used here and
experiments. required accumulation times of many minutes. Water has a
. considerably lower diffraction scattering efficiency than the
Reproduction of IC Results at RAL above examples thus, given time constraints and the single
Liquid target in vacuum channel detector capability, a high throughput arrangement was

The X-ray source developed at IC using fs laser pulses OFleqwred in order to produce detectable signals.

flowing liquid jets can provide either continuum X-ray radiation Unfortunately, this arrangement was hampered by X-ray
in the 10 keV spectral or quasi-monochromatic emission aphotons elastically scattered at least twice from pinhole walls.
~ 9 keV (Cu Ki) using aqueous solutions of copper nitrate. AThe background signal levels obtained were similar to the
detailed description of the setup can be found in reference kxpected diffraction signal. Non-elastically scattered photons
The IC laser produces a 3 times shorter pulse but with lowetould be efficiently rejected using the discriminator capability
available energy than the RAL laser. The pulse specificationsf the spectrally resolving detector. There is no simple means
for the RAL laser used in these experiments was 150 fs pulssf subtracting the background produced from elastically
duration and 0.9 mJ pulse energy. Both lasers operate atsaattered photons and this limits the capability of the
wavelength of ~ 800 nm. arrangement to detect a diffraction pattern from water.
However, with careful design of the collection system and the

X-ray emission was successfully obtained at RAL and the IC . .

; .~ use of large area detector arrays it should be possible to produce
results were reproduced. Measurements made using the smglea diffraction pattern of water within reasonable accumulation
photon detector (Amptek XR-100T) enabled spectral P

characterisation of the source and confirmed that a Well-definecEImes using the flux densities achieved here.
monochromatic emission at CwiKine (~ 9 keV) is available Potential of the X-ray Sourceat RAL Experiments
from a concentrated copper nitrite solution in water and quasi-

continuum from ethylene glycol. Tests were carried out to assess the suitability of the X-ray

source for RAL user experiments.

Optimisation of the X-ray Source X-ray diffraction pattern of S (111) sample on reflection
Solid Cu target In this experiment a Si(111) crystal was measured in a reflective
g . .

diffraction setup. The source to sample as well as the sample to
The X-ray source was then further optimised to maximize thesource distances were 55 mm. The detector was mounted on a
spectral brightness of the CuaKine (~ 9 keV). This line is  swiveling arm which could be moved through a serious of pre-
well suited for probing molecular systems as it closely matcheprogrammed angles by computer control. The crystal angle was
the typical spacing of diffracting 'layers'. The highest Gu K optimized by maximizing the scattering probability. The
flux was obtained from a solid Cu target held in opencollected data is presented in figure 1. The expansion of the X
atmosphere but with the plasma continuously flushed by a Heay collection path enabled the reduction of background levels
gas jet. The target consisted of a spinning Cu ring (30 rev/dp <1 count/s which was sufficient to detect the useful signal. X-
with diameter ~ 4.2 cm mounted on a sliding stage whictiay diffraction pattern of Au plate on transmission

moved slowly back and forth with amplitude ~ 2 mm andln this experiment a gold tape with no ordering and thickness ~

period ~ 10 's. The laser pulses were focused onto the Cu tar%o pum was used. The diffraction pattern was successfully

using a 3.6 cm focal length achromatic lens. Flowing of he_llungj tected (see figure 2) using the same setup as for the Si(111)
gas around the focal spot of the laser beam removed debris an . . .

: : s . . : crystal experiment apart from wusing a transmission
avoided plasma build up within the laser interaction region. In

; . configuration.. In this case the maximum signal rate was about
the absence of this He gas stream the X-ray production "& times lower than that in the above experiment and this
reduced by more than 2 orders of magnitude. P

resulted in a poorer S/N ratio.
The absolute X-ray yield from the Cu target was estimated to be

2 - 4 x 10 photons/s emitted intotésolid angle. This was

evaluated from a measurement made 240 cm away from the

source (a count rate of between 150 - 300 cts/s) and is based on

80 % quantum efficiency and 7 rAreensitive area of the
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Figure 1. X-ray diffraction pattern of Si (111) measured on
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Figure 2. X-ray diffraction pattern of gold tape on transmission
using the laser generated X-ray source.

Conclusions

(i) The liquid jet based X-ray source technology developed at
IC was successfully transferred to RAL using the longer
pulse/higher energy laser. Both broad (continuum) and narrow
band (Cu ki) performance at the >i@hotons/second intoret
were demonstrated.

(i) The incorporation of a solid copper target boosted the
narrow band (Cu k) performance to >f(photons/s into 7

(iii) A water diffraction pattern was not obtained due to high
noise background and unavailability of reference signal
providing the absolute X-ray yield.

(iv) The X-ray source set-up successfully measured the
diffraction pattern of gold (randomly oriented) and Si(111)
crystal.

In summary, the current source requires further improvements
to its yield, detection methods and suppression of the elastically
scattered X-ray photon background before it would meet the
requirements of experimentalists in the wider Lasers for Science
Facility user community. This is believed to be feasible but

must ultimately be driven by demand.

However, it has been demonstrated that the diffraction
measurements of heavy atom metals and crystals and pump-
probe experiments with the existing setup of the type described
in references 1,2,3 and 4 are possible.
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Introduction pulses were: pulse width 50-90 fs, wavelengths 750-790 nm

It is well known that stepwise multiphoton ionisation and With intensities up to 2xt®wen™.

fragmentation of polyatomic molecules like benzene can yield

exclusi\_/ely parent ion§ at 1Mcm‘2 using_nano_sec_on_d laser Results and Discussion

pulses in the UV (soft ionization). As the intensity is increased

to about 16 Wem?, dissociation increases dramatically until Figure 1a shows a typical mass spectrum of deuterated benzene
low mass fragments dominate the spectrum with the parent pe%sHsD) with a purity of 98%. The irradiation conditions were
often being missing entirely . This process is called ladder 2x10°Wcm?at 50 fs and at 790 nm. From previous work done
switching fragmentation.  For ladder switching to occur,in our laboratory on benzehat high laser intensities, it was
fragmentation and subsequent photon absorption from theoticed that a strong peak appeared at mass 39 which could be
excited state neutral or parent ion must occur within the laseiue to the symmetric fragmentation of the parent $e;Cor

pulse width. On the other hand if the laser pulse is extremelhe doubly ionised parent mass. With deuterated benzene such
short then the ladder climbing mechanism should dominate. RN ambiguity was eliminated.

has been showfi that dissociation can largely be suppressed
using intense (normally IR) laser beams up t& ¥gcnm? with

the parent ion often being the strongest pedkis has also
been observed recently for aromatic molecules using intense
near-infrared radiation®.

o
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The multiple ionisation of molecules in intense laser fields has

become one of the most active areas of current study in atomic
and molecular physics. In particular using picosecond and

femtosecond lasers with intensities in the rangé@vecm?,

the electric fields generated are no longer small compared to the

=
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binding molecular fields of the valence electrons and hence new Figih N Figic

physical effects are expected. For example for the irradiation of 1 T
small molecules in intense laser fields, doubly charged parent

ions can be detected and higher charged parent ions are present "

as transient speciés'?. A special feature of this intense laser el

field ionization is multielectron ionization followed by
dissociation through coulomb explosion of charged
fragments™.

Linear Scale (arb.units)

Logarithmic Scale (arb. units)

Although the understanding of the interaction of intense laser
beams with polyatomic molecules is at a preliminary sthge
many laboratories are now showing considerable interest. The + = T
object of the present work is to demonstrate that a number of messcharge mescharge
polyatomic molecules irradiated by intense laser beams with

short laser pulses <90 fs and in the wavelength range

750-790 nm produce multiply charged parent ions and do not Figure 1. The mass spectrum of deuterated benzene with
fragment appreciably to produce light particles. This was expanded areas around the 2 and 3" parent ion. The laser
noticed without comment by Cornagdfafor C;H, and has intensity is 2x10™ Wem2with a pulse width of 50 fsand a
recently been demonstrated by Smith €f’dor benzaldehyde. wavelength of 790 nm.

In this sense the molecules behave more like atoms.

It can be seen that the parent ion mass (79) is by far the
Experimental strongest peak in the spectrum. The two expanded areas (b,c)
In the experiments described in this report the details of theorrespond to the*3and 2 charged parent ion peaks. The 2
apparatus have been described in a number of previoudak at m/z=39.5 is the second strongest peak in the spectrum.
papers ~ 1 dealing with one of the applications of this This graph has been presented in logarithmic form to show
technology, namely femtosecond laser mass spectrometgjearly the small peaks between m/z=36-40 on either side of the
(FLMS).  Suffice it to say that a time of flight mass main peak. The 3parent molecule produces an unambigous
spectrometer (TOF) was used with unit mass resolution up tgeak at m/z=26.3. There were impurity peaks at iB(H
100D. Gases were introduced effusively to the vacuun?8(Ny) and 32(Q) but these caused no confusion. To the
chamber at pressures up t6°10rr. A laser beam was focussed knowledge of the authors, this is the first time that highly
with a 100 mm mirror into the sensitive volume of the TOF toionised parent masses have been observed for medium mass
irradiate the molecular samples. The specifications of the las#nolecules following intense laser irradiation.
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It is worth pointing out that the appearance potentials of the 2was however evidence for coulomb explosion in this molecule

and 3 deuterated benzene are respectively 26 and 4% evid
that the appearance potential fof @ the fragmentation of
benzene using a UV ns laser is also about 26’ eVThe fact

that the 2 parent ion peak was at least an order of magnitud

larger than the carbon ion suggests that the norm

+
fragmentation routes for ns irradiation were being bypassed % tati g I
the fs irradiations. To return to the double ionised spectrum i agmentation 1S smafl.

figure 1c, the small peaks on either side of the main peak al
deserve comment. First of all there are two half mass peaks
37.5 and 38.5. These correspond tgH£ and GHD?

respectively and the peak at mass 40 is due principally to the
ion G*CHs D?*. This also has the correct carbon isotope ratid
for a molecule which contains six carbon atoms (7%). Thus th n
peaks at mass 38 and 39 are also likely to have a substant| F

doubly ionised component. The envelope of doubly ionise
peaks every half mass corresponding to the parent molecule (
and a number of (M-nH) satellites seems to be characteristic

polyatomic hydrocarbon molecules when irradiated in the

infrared at the high laser intensities'4® Wcm? and the other

hydrocarbon molecules presented in this paper all show th
doubly ionised cation group. This can always be distinguishe

from fragments by the small half mass peak at (M3C3j
which must have the correct isotopic ratio.
evidence of multiply charged carbon atoms which

since small peaks of multiply charged C and S were present.

Finally in figure 4 the mass spectra of a number of different
gnolecules are shown at various intensities in the IR for pulse
idths less than 90 fs. For all the molecules presented here, the
and Z ion peaks are the dominant entities and any other
The spectrum for Xenon is also
esented. A general theme from the present work seems to be
erging. For laser intensities in the infrared at intensities in
the range 5x18-10° Wcm? the fragmentation for the
olecules described in this paper is small. Multiply charged
ons are evident up to"&nd for the hydrocarbon molecules, an
velope of 2ions of (M-nH) entities is visible. Exceptionally
3 ion for toluene was not seen. The characteristic envelope
2" ions for the hydrocarbon molecules had intensity
resholds > 5x18 Wem?  The low degree of fragmentation
served in the present work is in agreement with the studies of
eWitt et al on aromatic molecules. These authors did not
observe multiple charging in their spectra and this is also in
gccord with the present work since their maximum laser
{ﬂtensity was about 4x¥bWcem? marginally lower than the
resholds mentioned above.

There was little
is

characteristic of coulomb explosion for lighter molecdfes

The intensities of the'12" and 3 parent peaks as well as some
of the larger fragments from deuterated benzene are shown g
function of laser intensity in figure 2 at 790 nm and 50 fs puls
width. It would appear that thed8s and GH,ion peaks follow
the intensity dependence of the parent ion while than?l 3
parent ion peaks have a stronger laser intensity dependénce
can be seen in the inset diagram that the ratio of the 2
charged peaks is a strong function of the laser intensity. T
value at 16 Wem? is close to the *1to 2" ion ratio for atomic
Xenon at similar laser intensities which was carried out und
identical experimental conditions to the molecular work.

Carbon Disulphide (CS, mass = 76)
121 790 nm, 50fs, 2.1x 10" W cmi
l,
Tyg |
-;0.8
IS
R
i)
T
@
0.4+
021 L\h\
0 Frrr T R e
0 10 30 40 50 60 0
mass-to-charge ratio (m/z)

100
-
-
-
> 10
=
c
=} -
>
T -
it 1 - P
£
5 S
L
'S
8 * C6H5D +
% - " r = C6H5D ++
S 0.1 ACAHS5+
S - - xc+
Q + ® C6HS5D +++
< A + +C5H4X 0.1
s -
- 0.01
=
Il
i
0.001
1.0E+14 1.0E+15 1.0E+16
. -2
L aser Beam Intensity (W cm )

Figure 2. The ion abundances of a number of fragments an
multiple charged species from deuterated benzene as a functi
of laser intensity under the laser conditions mentioned in
figure 1. The gradients of thé and 3 ion curves are steeper
than the others.

Figure 3 shows the mass spectrum of the linear molecyl@tCS
a laser intensity of #®Wcm? for 790 nm and 50 fs. The
appearance potentials of £Sand C$* are 27.5 and 53.6 eV
respectively’®. This spectrum looks very similar to that of
deuterated benzene with thé dnd 2 peaks being by far the
strongest components and also an unambiguow® €i§nature

being visible. Any other fragmentation is very small.
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Figure 3. The mass spectrum of the linear moleculewit
the single, double and triple ionised peaks visible. The laser
conditions are similar to those described in figurel.

Conclusions

Under the intense laser irradiation reported in this letter, the
polyatomic molecules which have been studied, show
remarkable stability and electronic dynamics similar to that in
atoms. Clearly ladder switching fragmentation of the type
reported for ns pulses” ¥ is not taking place to any great
degree.

The simplest model of the molecular behaviour in the strong IR
laser fields observed in the present experiment is as follows.
The molecules reach thé ibn level by multiphoton processes

gduring the rise time of the pulse. They then absorb more

dhotons sequentially and reach theadd 3 levels either by
tunnelling ionization or by barrier suppressidh This was the
sequential mechanism proposed by Lambropold¥s for
multiple ionization of atoms by intense pulsed lasers. His
calculations showed that multiply charged ions are only
produced for laser intensities approaching* Mcm? For
sequential ionization, a charge state can be produced only after
the previous charge state begins to volume sat@tateThis
would certainly describe the data in figure 2 where the onset of
the Z signal coincides with the flattening off of the parent ion
intensity. It is thought that much of the intensity of the single

There
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ionization peak comes from the lower intensity wings of theConventional coulomb explosion is unlikely to explain the
laser beam. present observations. For light molecules, multiply charged
S . . ions which lead to coulomb explosion are only transient
Coulomb explosion ionization is a possible mechanism for CSS ecies while in the present work, the’ and 3 parent ions

s:?rc]:e t}:]e tmlultlp.lyt cha}trged ?\fom.s c.if c "’.‘Qd S ?re obslervg ave lifetimes at least of the order of the flight time in the TOF
although at low Intensities. NO similar evidence for coulomb ., t tens of psecs). Any dissociation, particularly the

ﬁxplos::)n is evident fo: the ?égtr.ocart.)on bmolechjJI?s tshtudle hedding of hydrogen atoms, seems to be a rather gentle process
ere. However an envelope o lons IS observed Ior ese ;g 1o ordinary photodissociation after excitation to a

molecu_lets and fth'ﬁ shec(;lldlngdof hyt:jrogeg ?%ms at *tr:e\Zél f redissociating electronic state. Newton has claimed that
?hr agrrlux ulrt_a 0 ct_lil_rge han tun_th':lrg?th_ Y ;oge_r: atoms 1ro ultiple ionisation is favoured for molecules which have
€ o levelis a striking charactenstic ot this Intensity regime. ¢ ficient numbers of nonbonding or delocalised electtdns
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Figure 4. Mass spectra of polyatomic molecules. Laser conditions'5yWeeni? to 2x13° Wem? The wavelength range is
750 -790 nm , pulse width 50-90 fs. This is compared with the Xe spectrum taken at the same intendigndHecharged parent
peaks are the principle entities and any fragmentation is very small. This behaviour is similar to that of the inert atoms.
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pulse
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Introduction il i
Modifications to the structure of a small molecule during laser o H ;% 3
induced Coulomb explosion is an active area of interest at al 3 BEE %
present. Experiments have shown that the bond lengths of i 1303
polyatomic molecules as large ass®Fexpand to double their o8l 1 B T
normal value before multiple ionisation is complete. Evidence I | i
has been found to support bending of both the ground?stdte : r

and vibrationally excite® CO, molecule and straightening of
the initially bent S@ molecule®. A more recent experiment
indicated that S@retains its bent structuf&for high ionisation
channels. In the present experiment we use a momentun
imaging technique developed by Hishikaetal ” to examine

the madification to the initially bent J® molecule in a 50 fs
laser pulse of peak intensity 23 @v/cn?.

Experimental

The 790 nm, 10 Hz laser used in the present experiment ha:
been modified from that used in earlier studte$ ®. The
incident laser beam enters the vacuum system, which has a bas

pressure 18 Torr, through a fused silica window and is ' | i
. . . ) . i I BEA
reflection focussed using an f/5 parabolic mirror into the e E3EES
interaction region giving a near diffraction limited spot size, 9 e L1IEa
I

Mormentum /107 (a.mu, ms)
¥ = ¥ Ed 3
9]

o
Lk d

calculated to be 1@m. The intensity was calculated from the
spot size and the pulse energy of 750 J to peak af ament.
The direction of the laser polarisation was controlled using a 1 <l
half-wave plate. The laser focus was situated in a central plane 9 4% U AR |
equidistant from two parallel grids separated by 20 mm, which Momenturn / 107 (a.m.u. ms')
formed the source region of a Wiley-McLaren type time-of-
flight (TOF) mass spectromet&; in which a 3 mm aperture
was placed in front of the micro-channel plates During the
experiment the target gas pressure rose ToTHdr and because

of the increase in both the laser pulse energy and the focal spot
size, the signal strength was one hundred times higher than in

previous work?. The signal from the channel plates was Sxplosions result from 30 molecules in which a certain
therefore fed directly into a Tektronix TDS 744A digital amount of alignment exists between the H-H axis and the laser

oscilloscope interfaced to a PC. The laser pulses we olarisation direction. We have fitted a function of the form

monitored as previousl§ in order to minimise the effect of cos® to the _H a”QU'?r distribution, at. a momgntum of
energy fluctuations. The polarisation direction was controlleq400103 a.m.u ms, which is close to the h'ghe,St point on the
by a half-wave plate, mounted in a rotation stage and driven dy'and (at 6 and 180). The least squares fit gives a value of
a stepping moto?. The polarisation was rotated iff @eps and " = 4.5, which compares with n=12 for the (1,1,1) channel of

a Time-of-flight, (TOF) spectrum were recorded at each stepC©2 at the same laser intensfty

Only one hundred laser pulses were needed to build up eagfecent experiments with laser pulses of less than 100 fs and
spectrum and so a two dimensional matrix of TOF spectra froﬂhtensity greater than ¥bw/cn? have shown that the angular

Figure 1. Momentum maps for the atomic fragment ions
resulting from the Coulomb explosion of®l The vertical
axis is parallel to the laser field direction

0° to 360 could be built up in approximately 30 minutes. distributions of fragments from light diatomic molecules can
not be explained simply by the higher ionisation rate of
Results molecules which are aligned with the laser fiéld®. This

Figures 1 a, b and ¢ show momentum m@ps the observed indicates that the laser field reorients light diatomic molecules
atomic fragment ions, HO" and G* constructed from spectra on a femtosecond time scale. By contrast it was found that the
recorded at 2intervals from 0 to 360. The vertical axis is massive 4§ molecule could not be reoriented on such a short
parallel to the laser polarisation direction. Clear informationtime-scale. The KD molecule is light and so it is reasonable to
can be gained from these plots. Figure la shows a lowssume that the origin of the angular distribution, observed
momentum island, (< 2@0° a.m.u. m3) consisting of ions here, is the reorientation of the® molecule by the laser field.
from the H + OH (1,0) channel. The island is circular The static field induced dipole strengths parallel and
indicating that the angular distribution of these ions is isotropicperpendicular to the H-H axis have recently been calculated for
The crescent shaped islands, which consist of ions from the range of field strengtH¥. These calculations suggest that at
Coulomb channels (1,1,1) and (1,2,1), have a wide anguldpw laser intensity%10" W/cnr), the torques on the molecule
distribution, but are not isotropic. The grey intensity scaleassociated with these dipoles are roughly equal and opposite, so
shows that these islands have their highest values at angl#st the molecule is not reoriented. The angular distributions of
close to O and 180 which indicates that the Coulomb H? ions, most probably from the (1,0) channel, were measured
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b
=

in that work and found to be isotropic. This observation is6¢c where removing the false isotropy has transformed the
confirmed in the present work, as the low momentufridds  elliptical islands into ‘bow-tie’ shaped islands.

m rigin from a region within the focal where the . .

intuesr:sﬂygisa:gw %noﬁgﬁgtg resLIt irg %nglciiﬁggt ionﬁsaetiénelt is now possible to use the three corrected maps to deduce the
channels such as (1,0). The calculations further showed that at

higher intensities, the parallel induced dipole becomes dominant EATE-
and so the molecule should be rotated, such that the H-H axis 4 ME-1
aligns with the laser field. This prediction is confirmed by the '3--5;_ i
present result. The effect of opposing torques should reduce the 1 53E-1
amount of reorientation experienced by the molecule in 0D0E D
comparison with more linear molecules such as,&$ading to i

a lower value of n as observed here. Furthermore the bent

nature of HO is important in widening the angular distribution

of the Coulomb channel, in a very simple way. If the H-H axis

is completely aligned with the polarisation direction, the

trajectories of the Hions cannot be along the polarisation

direction, because of the repulsion from the laterally offset

oxygen ion. The bent nature of® is deducible from figures

1b and 1c in which the 'Oand G* momentum plots are

elliptical. In both cases the major axis of the ellipse is

orientated at 90 to the laser polarisation direction. This

indicates that the molecules aligned with the H-H axis along the

polarisation direction repel the central oxygen ion at right

angles to the polarisation direction; this is only possible from a

bent geometry.

Momantum / 10° {a.m.u. ms)

ra do 2t 6 = 40 e 7
Maomentum / 10% (a.m.u. ms')

Figure 3. Momentum maps after correction for the finite
collection angle of the detector

Figure 2. Momentum maps for the atomic fragment ions SIM ExP
resulting from the Coulomb explosion of®L The T EATE-1
vertical axis is parallel to the laser field direction L !4 FHE-1
318E-1
] -
Further information about the molecular geometry can be : s - | | :;JE'
extracted from the momentum maps, but first it is necessary to il ’ '
correct the data for the effect of the variation of detector o I S
acceptance angle with ion momentum. This variation has most
effect on the oxygen ion maps in figures 1b and 1c, because the

momenta of the oxygen fragments are small and so the
acceptance angle becomes large, reachif?y for momenta
close to zero. This means that the ion distributions appear more
isotropic than is physically the case. Figure 2 shows the
geometry, which must be considered for the correction
procedure applied to each momentum point P on the map. In
figure 2 the signal S measured at a particular momentum P is
proportional to the momentum surface area A, defined by
m(P.tanfx))?, where a is the acceptance angle of the most
energetic ion which can be detected with momentum Rigos(
and which can be calculated from the experimental geometry.
The measured signal is divided by the faatsin’(a) which is
analogous to a solid angle correction. A fuller discussion of this
and other correction procedures will be given elsewhere.

EXF SIM

Memenium | 107 (a m.ou. meT)

Figures 3a, b and ¢ show the angular distributions"ofdHand

O* respectively, after correction for the variation of acceptance
angle. In figure 3a the central island is now not visible, but the e i om0 m o m
Coulomb islands have not been greatly altered, as their Momentum { 107 (am.u ms ')
momentum is high. The major difference is in figures 6b and

EXF S

Figure 4. Comparison between experimental (EXP) and
simulated (SIM) momentum maps.
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geometry of the exploding molecule, by comparing them with

maps derived from a Monte-Carlo simulation of the Coulomb -4
explosion of the bBLD molecule from a distribution of
geometries. A similar technique has been used previdusly
determine molecular geometry from the islands of a double
correlation map. In the present simulation, three independen
distributions are chosen to represent the O-H bond length R, thi
H-O-H bond anglé® and the alignment angtgbetween the H-

H axis and the laser polarisation direction. The distributions
used are either triangles or trapeziums for ease of calculation
The simulated © map was derived from a set of B, and
@distributions in which the molecule was allowed to explode
into the (1,1,1) channel and thé'Gnap was derived from a set
of distributions in which the molecule exploded into the (1,2,1)
channel. The simulated "Hmap contains contributions from
both channels, weighted in accordance with the magnitudes o
the O and G" ion intensities of figure 3. For comparison with
the experimental maps, the simulated maps were scaled using
free scaling parameter. The initial distributions chosen were
consistent with the geometry of the neutral molecule, i.eBthe
distribution peaking at 104and the R distribution peaking at T —T T T T i
0.9 A. Theses were not found to give a good agreement with 0 60 120 130 240 300 360

the experimental map, and so were varied until the best H-O-H Bond Angle idegrees)

agreement was found. Figures 4a, b and ¢ show a comparisongig re 6. Interaction potential for,&" derived from Rottke
between the experimentally derived and thg best snm_ulated et al 9, with theA A, state shifted by the photon energy of
momentum maps. The general agreement is good with the 1.6eV

simulated maps reproducing the shape of the islands and the

positions of the highest ion signal in the experimental maps.  higher ionisation channel, and the greater field strength, which
. . S produces the higher channel, also gives rise to more
Figures 5a, b and ¢ show the derived distributions fap &d reorientation. Triangular alignment distributions with FWHM

0. Fc_)r both channels, the_R distrib_u.tion was found to peak &l 5r and 40 were derived to describe the (1,1,1) and (1,2,1)
2 A, in good agreement with the critical distance thédry?. - Co?, as compared to 7aand 60 respectively in

TE € allg?nment dlsttéf{? LfIE'hO.m .nafrrO\:vs with mcrge:)sn:tg |0T|sat|on t the present work. The distributions are comparable and contrast
channel as expec IS IS Tor two reasons, better alignment \y, the measured FWHM for the angular distribution of

is needed between the molecule and the field to produce tq?agments from the (2,1) channel efwhich, at 6 x 18 Wicn?

is greater than 90”. The results are therefore consistent with
reorientation of HO, but to a lesser extent than inQHthan in
Bond Length (Angstroms) CO,, due to competition between the parallel and perpendicular
0 1 o q 4 torques. The maximum in the bond an@ldistribution is at
- I ; 13 for the (1,1,1) and 14Qor the (1,2,1) channel this
L——H - compares with a most probable angle of °16# the neutral
L molecule; even more striking is the fact that the bend angle
distributions saturate at these values. Figure 5d also shows a
comparison with8, the angle between the "Hrajectories
calculated with a multi-configurational self consistent field
: - technique® for dissociating HO** and HO™ excited by
7 highly charged ion impact. These distributions describe the
molecular ion geometries well, but the bond angles can not
. directly be derived from them, as the dissociation is not
completely coulombic. Nevertheless the dissociation is close to
. " . . | coulombic and thé,, distributions are a good approximation to
v H-l 1'1 1 L RN R the natural bond angle distributions and they show a low
B (1.1.1) - probability for large angles. In the present work the observation
I #(1,2.1) of high probabilities for large bond angles, between® 18t
: 18C°, strongly indicates that the molecules have been
straightened in the laser field. The phenomenon responsible for
this straightening of the molecule may be bond angle softening
i B tentative evidence for which has been found in the
photoelectron spectrum of,8 at 532nm. Figure 6 shows the
interaction potential as a function 6ffor the HO * ion with
the A %A, state lowered by the photon energy of 1.6 eV. This
makes the crossing positions near to the centres of the wells of
the X?B; ground state and close to the most probable angle for
4] 20 BO 80 120 150 180 H,O" which is 120. The process of bond angle softening
" ] occurs by a single photon transition from the ground state onto
Bend and Alignment Angle (degrees) the A 2A,; state, the molecule then begins a large amplitude
oscillation to the other crossing, where it emits a photon and
returns to the ground state. The time scale for this motion is
Figure 5. Distributions of the bond length R, alignment angle comparable to the rise time of the laser pulse. If the molecule is
@and bend anglé used to generate the simulated map in  ionised near to the start of the laser pulse, which is likely, then
figure 4. Also shown are tha¥ distributions calculated by
Werneret al ¥
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there is enough time for the ion to undergo this bending process
before the peak intensity is reached, and Coulomb explosion
takes place. The bend angle distribution would be modified i;
this process increasing the importance of large angles, ds
observed.

Conclusions 8.

Using high intensity femtosecond laser pulses we have been
able to excite the $©" molecule to high vibrational levels

through a, single photon, bond angle softening process an%l
observe the resulting nuclear motion, through Coulomb
explosion, using a momentum mapping technique. This

technique has also revealed stretching of the bonds, befong.

Coulomb explosion, consistent with enhanced ionisation and
alignment of the fragment ions, consistent with reorientation of
the molecule in the laser field. Further theoretical studies of the
bond angle softening process in a high intensity laser puls
would be beneficial.
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Introduction Laboratory, delivers radiation pulses of 50 fs duration at a

A major development in atomic and molecular physics in thevavelength of 790 nm which are monitored using a single shot
past decade has been the advances made in understanding 3Hgocorrelator.  Reflection focussed to a Spot size ofind
behaviour of matter in strong fields. Through the interaction offi@meter, laser intensities of approximately'I@Wem? can be
ultra-short pulses of intense radiation with atoms ancProduced. In the present work, due to the low density f H
molecules, new physical processes have been discoverd@nS; the Iase.r was only focussed to a diameter of 0.1. mm with
These include above threshold ionization and dissoci&tign & correspondingly large confocal length of 15 mm. This gave a
Coulomb explosions’, bond softening® 9, and vibrational =~ MaXximum puzlse intensity at the point of interaction of
population trapping” . The dynamics of molecules in laser 7 x 10" Wem2. Measurements were carried out for a series of
fields ® with the discovery of pendular motiofl and  Pulse intensities in the range (17)L.0"* Wem?, with the laser
alignmentlo) is also a new area of investigation. beam linearly polarized in a direction perpendicular to the plane

) ~containing the two beams.
Most recently a great deal of interest has been generated in the

specific case of molecular ions in strong fields. For example it
has been predicted that molecular ions are a far more efficient
source of harmonic conversion than neutral atéfns Further LASER
motivation has been driven by the practical desire to be able t
control chemical dynamicsg isotope separation in HD'. SELECTION
As a result, a great theoretical effort has been expended on suc M e e

studies, in particular for the simplest system of a single electror

X K . . 7 +1), 14), 15) <le----- — = (TR/

in a homonuclear diatomic potential, i.e;"f . e EXTRACTION
1

To date, experimental measurements have all involved a two - DEFLECTORS \

stage process, wherg, ifholecules are ionized to form,Hby -

the same laser pulse that subsequently probes the moleculario ----- H i 10N

Such a system has distinct disadvantages, primarily in that thi SOURCE

vibrational population of the resulting,Hions varies with
pulse intensity. This severely complicates efforts to map the
interaction as a function of field strength. Although attempts

have been made at characterising the initial vibrational statgo|iowing laser dissociation of the,H the fragments H and*H
distribution of the ions through energy analysis of the ionizedynich retain the initial ion velocity, are subjected to
electrons, such a method is not possible at short pulse duratiopfctrostatic deflection which separates the primasy ibins
(typically for pulse durations less than 1 ps). It must also bgom the H ions. The H' ions are monitored using a Faraday
considered that a purely sequential explanation of ionizatiogojlector while the Fions and the H neutrals are detected using
followed by dissociation, for the neutral moleculg ##ay not  channel electron multipliers. In addition to the spatial
be totally valid for ultra-short pulses. For example, one theorgeparation of the ions a time of flight analysis was also
of the vibrational trapping phenomenon suggests that it resuliserformed on the fragmenting products. The laser pulse
from the simultaneous interplay between ionization of theprovided the start pulse for the timing electronics with the ions
neutral molecule and dissociation via the formation of ajmed over the 27 cm flight path between the point of
coherent vibrational wavepacket interaction and the channel electron multiplier detectors.

In order to enable the dissociation of kb be investigated as a . .

function of field strength, and to initiate a comprehensive studf{esUItS and Discussion
of the above mentioned phenomena, we have for the first timé laser produced dissociative ionization of a neutral molecule,
conducted an experiment where a pure ion beam is probed BB, it is accepted that the dissociative ionization and Coulomb

Figure 1. Schematic diagram of the laser-ion apparatus

intense femtosecond laser pulses. explosion proceeds by the initial production of the parent ion
AB* which subsequently expands to the critical internuclear
Experimental arrangement separation R(R; > R;) before undergoing further sequential

A schematic diagram of the experimental arrangement is showi@nization as evidenced by Coulomb explosion measurements.
in figure 1. A beam of i ions, extracted from an oscillating ThiS sequential ionization of ABwill also depend on the
electron type ion source, was momentum selected by a bendi@@gnment and polarization c_Jf the molecular |on_W|th|n the laser
magnet and focussed through a differentially pumped chambd€ld. ~ These are dynamical processes which produce an
onto the point of interaction with a laser beam.,” Heam  €ffective ionization potential for the molecular ion. There have
currents of 500 nA at 2.5 keV were produced at the point obeen several recent investigations of laser produced dissociative
interaction where the background pressure was 5% tbar. ionization of the neutral Hmolecule™ ¥ %92, using both

A Ti:Sapphire oscillator, pumped by an argon ion |aser’_smgle‘colour and phase-cpntrol, two-colour, photo dissociation
produces femtosecond pulses which are subsequently amplifidd Which the fragmentation channels (0,1) and (1,1) were
using the chirped pulse amplification process to give 2 mJdnonitored.

pulses at 10 Hz. The laser, housed at the Rutherford Appleton
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fragmentation can be produced via multiphoton absorption 0fg v | Shaoet al

tunneling, and these processes can be distinguished by the value 5 Phys. B: At. Mol. Opt. Phys., 28421, (1996)
of the Keldysh parametey. Wheny > 1 multiphoton

dissociative ionization is more likely whereas whert 1 a  20.G N Gibsoret al

tunneling mechanism is more likely. However with thé Phys. Rev. Lett., 79 2022, (1997)

the ground state and an associated laser pondermotive potentdl 5 4 posthumus

of 5.2 eV the Keldysh parameter is 1.5. This value is  piyate communication (1998)

intermediate and even if the,Hwas in a high vibrational level

y would still be greater than unity. However since at least 15
photons would be required to dissociatively ionizé from the
ground state, and figure 5 does not show a corresponding non-
linearity, then we should conclude that a tunneling process is
more likely.
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Laser-induced molecular reorientation and geometry modification in a high
intensity 55fs laser pulse

W A Bryan, A El-Zein, J H Sanderson, W R Newell.
University College London, Gower Street, London, WC1E 6BT. UK. Email ucapwab@ucl.ac.uk

A JLangley, P F Taday.
CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon., OX11 0QX. UK.

Introduction

The development of tabletop femtosecond lasers has allowed
dramatic progress in the understanding of the behaviour of
small molecules in intense electric fields. Coulomb expldsion 7"
in an intense laser field has allowed the study of modifications
in the structure and orientation of a range of molecules.

X 7

LERE L)

Ke Ne' 1

We have performed a number of experiments on a range of
small molecules. Reorientation in the laser field has been

studied for CQ and Sk using a simple technique. The

enhanced ionisation model has been investigated in the case of

three triatomic molecules, namely ¢N,O and OCS. The
Covariance mapping techniclidhas been used in this case.
Presented here is the first observation of the Coulomb explosion
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of OCS in a femtosecond laser pulse. The modification of the
bond-angle of these molecules has been observed using an ion-
momentum imaging technigtle

Tirme-of-Mighi /=

Figure 1. Time-of-flight spectrum of Xenon, showing eight
stages of ionisation, relating to a focussed intensity of

Experiment
2 x 10° Wicen?

Intensities of 2 x 18 W/cn? generated by a 50 fs laser pulse at
790 nm, with pulse energy of 1mJ have been used in the present o o )
work. These pulses have been reflection-focussed by a f#)e laser polarisation direction. Recent experimemtsier
mirror to a spot size calculated to be [ in diameter. This S|m|Ia_r conditions have meaSL_Jred the ionic fragments from
focus is situated equidistantly between two grids, which form@ser-induced Coulomb explosion of QCBar%é) H, and HO

the source region of a Wiley-McLaren time-of-flight (ToF) With respect to laser polarisation direcfidr? .

mass spectro_mef‘érsituated in a vacuum system with a baserigyres 2 and 3 show time-of-flight (ToF) spectra taken with
pressure of 18 Torr. When the target gas is allowed into the jinearly and circularly polarised light. Figure 2 shows ToF
vacuum system, the pressure rises td Torr. lons produced  gpectra for CQ and figure 3 for SE In both cases, two spectra

by the ionisation of the target gas are detected by a pair ¢fe presented in each figure. Firstly, the laser pulse energy is set
micro-channel plates, the output of which is fed directly into &g 0.5 mJ, and a ToF spectrum is taken with linear polarisation.
Tektronix TDS-744A digital storage oscilloscope (DSO). TheThe polarisation direction is parallel to the detector axis.
DSO and PC are interfaced via an AT: GPIB link, with SOﬁwareSecondly, the laser power is set to 1 mJ, and a quarter-wave
written in a graphical programming language (G) used tqyate is inserted into the beam before entrance into the vacuum

control data acquisition and processing. The laser pulse energysiem. This converts the linear polarisation to circular
is gated with a photodiode monitoring a reflection from thepg|arisation.

input window to the vacuum system in order to eliminate

fluctuations. The apparatus used here has been describb both figures, the subscripts F and B describe whether the
previously® ¥ component of the momentum along the detector axis was
initially in the direction of the detector (F) or away from the

Two different apparatus configurations have been used in thesgyector (B). The term ‘vertical’ in figures 2 and 3 implies that
experiments. Firstly, a 3 mm aperture is placed directly in front

of the micro-channel plates to limit the angular acceptance of
the instrument; ions are only detected if their momentum is
along the detector axis. This configuration has been used in the
experiments examining the angular dependence of the ions .
emitted during Coulomb explosion. When examining the
fragmentation channels using Covariance mapping, the aperture
is removed.

) 2w ! . ' ' : . .
|:.II.'III:II I:I'.II
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Results

The results of these experiments are presented in four stages™
Initially, the focussed laser-intensity is calibrated with respect =
to the measured pulse energy by examining the ionisation stages
in Xenon. A time-of-flight spectrum of Xenon is presented in
figure 1; the presence of eight stages of ionisation is consistent
with a peak laser intensity of 2 x ®0W/cn? at a laser pulse
energy of 1 m3. In this experiment, no aperture is used in front
of the channel plates.
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Figure 2. Time-of-flight spectra of Carbon Dioxide taken

with both circularly and linearly polarised laser pulses.

See text for discussion.
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The question of molecular reorientation is now addressed. It has

been shown that many molecules preferentially dissociate along
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moment of inertia of the molecule prevents rotation, despite the

T |3 - -\.I - - - r - - -. - - 1 COUp|Ing

{ el . {harcilar Pol.
fin i » Vertical Po As shown in figure 3, the ion signal strengths produced in the
_—y 5F,* ionisation of Sk under both circular and linear polarisation are
O similar for all of the ions. Previous experiments using I&ve
il g : shown that the S ion is unstable, and so not obserfed.

| o When a comparison is made between the results for 0@

1 SF;, it is clear that the heavier molecule does not rotate to the
same extent. This is apparent from the lack of significant
difference between circular and linear polarisation. As in the
case of §, the mass of the §Fmolecule prevents significant
rotation despite the coupling of the induced moments. A more
detailed analysis comparison will be made later.

Tu i}

i

lem Bigmal & Arh. Unats

Tulik

(LU S S O o T 11 Bl 0 |l T [ i 1 [ _ )
Time of Flight ¢ s Covariance M apping
Figure 3. Time-of-flight spectra of Sulphur Hexafluoride ~ The enhanced ionisation model describes how the inter-atomic
taken with both circularly and linearly polarised laser bondg of molecules as large asgSf a short (fs) intense
pulses. See text for discussion. (>10® wicnt) laser pulse stretch to a critical distance, around

double the initial valué8. Seidemaret al*® and Posthumdd
the polarisation is parallel to the spectrometer axis. By reducinfave defined enhanced ionisation as follows. In the leading
the laser pulse energy in the first experiment, the component édge of the laser pulse, electrons are removed until the first
the electric field strengte) along the detector axis is the same repulsive state is reached. At this point, the inter-atdroieds
for both linear and circular polarisation. Therefore, if the ionexpand to around double their initial value. When the atoms in
signal produced in both experiments is comparable, the ioffle molecule approach this point, the probability of ionisation is
intensity is due to the electric fietin that direction. However, greatly increased. Depending on the electric field strength
if the ion signal intensity is increased with linear polarisation,Present, the molecule is then further ionised, and Coulomb
then molecular reorientation is implied, as the number of ion§Xplosion takes place.

reaching the detector is enhanced by the linear polarisation. The Covariance mapping technique allows unambiguous

In the case of CQ it can be seen that all of the atomic ion identification of the ionisation channels produced by the laser
fragments exhibit a substantial increase in signal strength in tHé€ld. Previous experiments have examined the fragmentation of
presence of the linearly polarised laser pulse. This indicates that variety of molecules, including G& *© * ) and NO™. .
CO, is reoriented before the Coulomb explosion of thePresented here are Covariance maps take_n at 790 nm with a
molecule. The enhancement of the atomic ion signal strengthd fs pulse. Figures 4, 5 and 6 show Covariance maps gf CO
indicates that molecules in a region of the laser focus oN20 and OCS respectively. Each map is built up over around
sufficient intensity to ionise past GOcan be reoriented. At the 10000 laser shots. The Covariance maps presented here are
electric field strengths produced in the focus, the field-inducedlouble-covariance maps, therefore conservation of momentum
dipole moment parallel to the inter-nuclear axis is dominanfnust be used to identify the fragmentation channels. As has
over the perpendicular moment. The sum of these momenfi€en shown before for GCand SQ K amongst others, the
couples with the applied field to produce a torque on theénomenta of the. ions allow the separation of the ions before
molecules; this torque makes rotation occur. Converselycoulomb explosion to be calculated. We have calculated the
experiments on the massive molecule have shown that Pre-explosion inter-nuclear separations of the ionisation
rotation does not occur in the laser pulse, because the lar§@annels and have found that the Coulomb explosion ¢f CO

R 15T | 017 -7 RAIE-T T Lr,
l'ime-of-fhight / s

ot o Yoo o’ N O o

[ B s 0 N N -

10 kil B
[ime=ofl=Mght / 5

Figure 4. Covariance map of Carbon Dioxide taken with Figure 5. Covariance map of Nitrous Oxide taken with
790 nm 55 fs laser pulses at an intensity of 2R Woen”’. 790 nm 55 fs laser pulses at an intensity of 2'% Wcnt.
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Figure 7. Correction geometry used for the finite collection
angle of the detector. The lon signal S at each point of
momentum P is proportional to area A. The angie the
acceptance angle of the most energetic ion which can be
detected with momentum P / ca@g (This is calculated
from the experimental geometry.

rd ..1.' ) [N L Ao

_ Time-of-flight /
O R R
g O

SO, ” and HO ? molecules. In the experiment on theCH
molecule, we have used an lon-momentum imaging (IMI)
techniqué to examine the straightening of® under the same
laser conditions. The IMI technique involves collecting ToF
Figure 6. Covariance map of Carbonyl Sulphide taken with spectra at different angles between the axis of the spectrometer
790 nm 55 fs lasepulses at an intengiof 2 x 10> W/en?. and the direction of the laser polarisation. The laser polarisation

N,O and OCS is consistent with the enhanced ionisation modedlirection is rotated using a half-wave plate mounted in a
The results of the analysis of the £OLO and OCS data will rotation stage, driven by a stepper motor, which rotates at 0.1
be presented in more detail elsewhere. degrees per second, thus rotating the laser polarisation direction
by 0.2 degrees per second. Spectra are recorded over ten second
lon-M omentum I maging intervals, so each spectrum is the average ion signal over 100

So far. we have observed molecular reorientation and bond@S€r shots. The half-wave plate is allowed to rotate through 180
length modification. Modifications to the inter-atomic bond- degrees, allowing a matrix of ToF spectra to be built up from 0

angles are also of interest at the present time. Evidence has bed@360 degrees with respect to the spectrometer axis.

found to support bendilr;)g of both ground statt * and  an intrinsic instrumental factor that must be taken into account
vibrationally excited C@™, straightening of the initially bend s the variation in detector angular acceptance with both ion

3
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Figure 8. IMI plots of the laser-induced Coulomb explosion of Carbon Dioxide following correction for the finite collection
angle of the detector. X and Y axes are ion momentum in a.m’ux & and the Z axis is corrected ion signal strength in
arbitrary units. Top row from left —'CC?*" and G*. Bottom row from left — O, 0?* and G". The laser polarisation direction is
vertically up the page. Note that the circular red areas on‘taedCG" IMI plots are unrelated to the"@nd G ions. The area
of interest in each plot are the green lobes across the page. The same is trué b¥thead the circular red area around the
edge of the plot is unrelated to th&iGn. The observation of carbon ions emitted perpendicular rather than parallel to the laser
polarisation direction indicates that the molecules must be bent by the laser field before Coulomb explosion takes place.
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Figure 9. IMI plots of the laser-induced Coulomb explosion of Nitrous Oxide following correction for the finite collect®n angl
of the detector. X and Y axes are ion momentum in a.m.txM§’ and the Z axis is corrected ion signal strength in arbitrary
units. Top row from left — N N*and N**. Middle row from left — O, O?" and Nt*. Bottom row NO. The laser polarisation lies
vertically up the page. The nitrogen ion plots show two populations, one parallel to the laser polarisation and another
perpendicular with much lower momentum. Thei@ shows an instrumental ‘ringing’ effect. Despite this effect, it is clear that
the oxygen ions are emitted along the polarisation. The perpendicular population of nitrogen ions indicates bending.

charge-to-mass ratio and initial momentum. The manifestatioduring Coulomb explosion, it would be expected that the middle
of this effect is to enhance the low-momentum ion signal withion would have no momentum perpendicular to the inter-atomic
respect to those with higher momentum. This effect must beonds. Therefore, the momentum of the middle ion would
removed from the spectra before quantitative analysis can taldepend on the mass and charge of the outer ions.

place. Figure 7 shows the collection geometry used to corre

the ion signal for the finite collection angle of the detector. Thigence, in the case (_)f_the symmetrlczqmlecule, the carbon
correction technique has been used in previous Wotto lon would have negligible momentum if the two oxygen atoms

remove the effect of the instrument. The corrected ToF data Camhere ionised by the same amouqt (symmetric channel, for
éample 1,1,1 or 2,2,2). The carbon ion would have momentum

then be represented on a three-dimensional polar plot. The an% o s

axis is equal to the angle between the ToF axis and the las grallel s c_harged lon if the jonisation of the
polarisation direction. The radial axis is the ion momentum inr,\rl]OIeCUIe were asymmetric (f_or example 2,2,3)._Howe_ver, both
amu. m& x 10° and the corrected ion signal strength is -0 and OCS are asymmetric, so a linear configuration be_fore
represented by a colour. Co_ulomb_expl_osmn v_voulc_i generally lead to the central ion

being emitted in the direction of the lightest outer ion. FgD,N

This polar representation of the corrected ToF data forms théhe middle nitrogen would be expected to move away from the
basis of the lon-Momentum Imaging (IMI) technique. Theoxygen by virtue of the higher mass of the oxygen atom. For
initial momentum of the ions is represented as a colour, an@CS, the middle carbon atom will move in the direction of the
allows calculations to be made of the bend-angles and bonduter oxygen atom, again, by virtue of the considerably more
lengths before Coulomb explosion. Figures 8,9 and 10 shownassive sulphur atom.

corrected IMI plots of C§ N,O and OCS. It is important at this

point to reinforce the point of the observation of the previouyowever’ it is clear from figures 8 to 10 that a linear

experiment. CQ is rotated by the laser field. We have configuration is not possible for the three molecules in this
performed a similar experiment on thgQNmolecule and have experiment. The carbon ions in flgu_re 8 clearly ha\_/e anon-zero
gomponent of momentum perpendicular to the trajectory of the

again observed rotation; this data will be published later. In th ons- furth th " el th
case of these molecules being rotated by the laser field, then tgaYygen lons, furthermore, the momentum paraflél the oxygen

outer ions will be emitted along the polarisation direction. ions is far less th_en in_ the per_pengjicular case. To detept t.)Oth
energetic oxygen ions in the direction of the laser polarisation

The three molecules examined here have a linear ground stadad carbon ions emitted perpendicular to the laser polarisation
configuration. If these linear configurations were maintainedmplies two important behaviours. The oxygen ions indicate
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Figure 10. IMI plots of the laser-induced Coulomb explosion of Carbonyl Sulphide following correction for the finite collection
angle of the detector. X and Y axes are ion momentum in a.m’ux & and the Z axis is corrected ion signal strength in
arbitrary units. The laser polarisation direction lies vertically up the figure. Top row from I&ftGZ*Gind G*. Middle row

from left — O/ &, 0*'/ S* and G/ $**. Bottom row from left — &, S and CO. As with figures 8 and 9, the red area on the
circumference of the Qolot is unrelated to the*Gon, and there is instrumental ‘ringing’ present. The area of interest is the

central green island. The same applies to tHédd and the O plot, where the areas of interest are near the centre and are red.
Notice that all of the oxygen and sulphur ions travel along the laser polarisation, whereas the emission of the carbon ions is

almost isotropic for the first ionisation stage. The higher stages exhibit a four-fold symmetry, indicating that the iittedre e

at an angle (not 90 degrees) to the O-S axis. This again indicates bending of the molecule by the laser.

that the initially randomly-orientated molecules have beermAnalysing the OCS IMI plots in figure 10 is more difficult due
largely rotated towards the laser polarisation; this should also ke the charge-to-mass degeneracy of the oxygen (mass 16) and
compared to the results of the experiment using the circularlgulphur (mass 32) ions. This makes quantitative analysis more
polarised laser pulse. Secondly, the direction of the laterallgifficult. However, the IMI plots of the central carbon ions lead
emitted carbon ions indicates that the molecule has been betatthe same conclusion as with £ahd NO. These ions are not
either during or before the ionisation process beginsemitted in the same direction as the outer oxygen and sulphur
Importantly, the molecule must be bent before Coulombions due to the laser-induced bending of the molecule. In the
explosion takes place. We have observed similar results at aase of the carbon ions from OCS, there is four-fold reflection
lower intensit®, but there is a considerable increase in thesymmetry. This is due to the carbon ions being emitted at some
quality of the experimental data presented here. Also, note thangle to the O-S axis. The asymmetry of the OCS molecule
the C* IMI plot in figure 8 contains a contribution from the means that the carbon is emitted towards the oxygen ion, but
O* ion. However, this does not hinder interpretation. not perpendicular to it. This effect becomes more pronounced

N,O has also been found to exhibit signs of bending before yith the higher fragmentation channels.

Coulomb explosion. This can be seen in figure 9, specifically-oncusion

the nitrogen ion IMI plots. Each of the IMI plots show two . . .
distinct populations: ions from the centre of the molecule ar he rotation .Of the triatomic molecule g@as peen observed
r the first time. A comparison to the behaviour of the more

emitted perpendicular to the laser polarisation, and ions fro
the end of the molecule are emitted along the polarisation. Th@asswe Sk molecule have been made; the, Sfolecule is

distinction can be made by the fact that the ions emitted para”&bserved not to align to the extent of the Gfiblecule. The

to the polarisation have considerably higher momentum tha oupling of the "?‘Sef induced dipole moments with the eI_ectric
P y g r?ed of the laser is sited as an explanation. ThgrS&lecule is

those emitted perpendicular. As is the case with the carbon io . .
from CO;, the IMI plots of the middle ion have little signal in thought to be too massive to allow the torques produced by this
coupling to produce rotation.

the direction of the laser polarisation. This leads to the
conclusion that the JO molecule is bent by the laser field.
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Enhanced ionisation has been studied using the Covariande
mapping technique for three triatomic molecules, namely, CO

N,O and OCS. 8

The effect of a linearly polarised laser pulse on the same three
initially linear triatomic molecules has been studied, and
modification to the bend-angle has been found in all three case §
This conclusion is reached after observing the emission of th
central ion at a non-zero angle to the laser polarisation. A bent
geometry is therefore possible.

10.
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Dissociative lonization and Angular Distributions of CS;, using ultra intense laser
beams
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Introduction The laser system used is based on a Spectra Physics Ti:S

From developments in laser generation of light pulses, ver@Scillator pumped by an argon ion lager It produces 50 fs )
intense (>18 Wicn?), ultrashort € 150 fs) pulses, made Pulses at 790 nm, and energy/pulse of 2 mJ, after being
possible by the impact of CPA (Chirped Pulse Amplification)Strétched, amplified in.a 7 mm long Ti:S rod (Crystal Physics),
techniques?, allows the experimental investigation of non- Which is pumped by a Nd:YAG (Spectra Physics) laser, before
linear phenomena via “dressed” states induced by the laseP€iNg re-compressed to 50 fs. The repetition rate was 10 Hz.
molecule interaction. Pulfse widths for 750 nm were 50 fs, whilst that for 375 nm were
90 fs.
One of these is the alignment and subsequent ionization of a
molecule. A very large electric field associated with the laser
light, whichhcan be Lljsed trc: indlfce dipole momenfts,h aliglns or MassSpectra of CS,,37% rm, 0fs,
orientates the ions along the polarization vector of the electric . L
field. The degree of orientation depends upon the strength of the hori zontal polarisation | =122EWW/ cn
electric field, and the magnitude of the polarizability of the ion.
Studies of the angular distributions of £& intensities on the
order of 16°10" W/cn? have been previously undertaker
with pulse widths of 35 ps, and it was now sought to extend this
for intensities of the order 810" Wicn? using pulse widths
of 50-100 fs.

Sanderson et af have recently studied the alignment and

bending of C@ molecules by intense femtosecond laser pulses
at 60 fs and 750 nm. They measured the angular distributions 0 20 40 60 80
of the CQ fragment ions.

lon Intensity / (Arb. Units)

mass/ charge
Experimental

The TOF apparatus has been described in detail elsewhere
Briefly, CS, was admitted effusively from an inlet system into a
high-vacuum chamber, pumped to a base pressure of
1x10° Torr. CS pressure was of ordex10° Torr. The TOF

system (figure 1) is a conventional linear system, the field-fregyeqits and discussion
length being 1.2 m, and an Einzel lens fitted to increase io%
extraction. lons are detected by an electron multiplierI
connected to a LeCroy 9304 digital oscilloscope.

Figure 2. Mass spectra at 375 nm showing a number of
multiply charged S ions. The fragmentation at 750 nm is
considerably reduced

typical mass spectrum of G&t 375nm is shown, (figure 2).
t can be seen that there is considerable fragmentation, as the
parent ion is not the dominant peak, even at these short pulse
widths (fragmentation was pronounced at ns time-scales, but
Time-of-Flight Mass st reduced for fs studie8). It was noted that the intensities are
Spectrometer not the same for horizontal and vertical polarization, a
consequence of the molecular alignment. Thep&ak is the
most pronounced in both polarisations. It is also possible that
post dissociative ionization could occur for some fragments,
although it may be a weak process given the short pulse
durations.

The dominant peaks for the horizontal case arg!, @GS, &,

and C, all of approximately equal intensity. There are a%o S
and $' peaks present. Other dominant peaks in the vertical
spectra are: G CS', and CS, in decreasing order and a
significant G* peak, as well as &S CS*, S*, and a tentative
CS* peak. The different sulphur isotopes are present with the
correct isotopic abundances. For both polarizations, at 375 nm,
it has been observed that there is a sizeallpéak occurring

at m/z=64. This may come about, by transitions to states with
bent geometrical configurations, (which cannot be as easily

Figure 1. TOF system with effusive gas sample and focused accessed at 750 nm).
with a mirror to the centre of the ion optics. Typical mass spectra for 750 nm, relative to that for 375 nm,
have less pronounced fragmentation. The parent ion is
dominant for both polarization orientations. The strongest

Electron
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=
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fragment ions present in the vertical case are", CS*, S,
and C ions. There are also smaller £,SS*, and G ion
peaks. In the horizontal spectra, there are’, C5%, S', §,
and C primary fragment ions, with smaller €SS, and &
ions present.

indicate alignment of the molecule. Finally, mass spectra were
obtained at 375/395 nm and 750/790 nm, and fragmentation
was found to be relatively increased at the shorter wavelength.
This has also been observed foHgD 9, and GHg 2.

Production of the $ ion, indicative of exciting the parent to
CS; is believed to be linear under 750 nm irradiation, due to thetates with a bent geometrical structure, was also increased at
near absence of any peak at m/z = 64, i£., $his moiety is 375 nm. For certain conditions at 790 nm, it was found that the

thought to be produced when {%as a bent structure, and thus ionization behaved very atomic-like, i.e., little fragmentation
the 2 peripheral S-atoms are sufficiently close to bond with eacand multiple-charged parent iohs This phenomenon has also

other, and break from the C-atom. The lack of thei&h is
consistent with the idea that no bent geometrical states of the
CS, molecule, or its ion, can be excited above 532 nm, and also
the observation of Mathur et &, who noticed that no,Sions
were produced when irradiated by 532 nm, 35 ps pulses.

Angular distributions for 8, and G are presented,
(figures 3-4). It has been seen that all fragments are
anisotropic, even the C-atom at 790 nm, where an isotropic
distribution would be expected from this ‘stationary’ central
atom. The C-distributions are, however, perpendicular to the
polarization-vector, for 395 and 790 nm. Bhardwaj et%al.
when considering bent triatomics such as,N€xplain the
perpendicular NO distribution by the directional components of
the induced dipole moment of NOwhose parallel component

is bigger than the orthogonal component, even for small fields,
produced in the rising-edge of the pulse. In linear triatomics the
fragments should all align along the field direction. The CS and
the C$ distributions are essentially isotropic.

been observed for both GHand 1-3 Butadien®).

Since the majority of carbon ions can be detected at anglesFigure 4. C” Distribution and all other distributions. It
Orthogona| to the axis of p0|arization‘ this presents a way ofan be seen that the carbon ions unlike S ons, are distributed in

distinguishing the fragments coming from the explosive
dissociative ionization of GS

a direction at right angles to the laser polarisation.
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Finally, angular distributions were carried out for up @ &hd

S*, possible with the higher intensities used. It was noticed”
that they were narrower for each successive charge-state,
illustrating that the degree of alignment is stronger, as the.
electric field needed to produce the higher charge states will
cause more of an alignment, and also due to the higher
polarization value of the ions. The results are at variance Wita
earlier distributions of CSions obtained by Kumar et al, using
35 ps? and this discrepancy is at present being studied
extensively. 4.
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Figure 3. & Distribution and all other distributions are 9.

similar. The angular distributions of all the S ions are directed
along the direction of polarisation of the laser.

Conclusions 10
The results herein support the view that one charge-state starts

when the previous one has saturated. Increasing the laser
intensity merely increases the volume of production of an ion,

Angular distributions were worked out by varying the
polarization direction. It is noted that higher charge state ions
have narrower distributions, as expected, and the results
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Introduction

In order to assess the capability of the Laser for Science Facilit

x-ray source for microscopy it is important to understand the i,
emission characteristics. The source was last characterised |
19927, since when it has been significantly upgradecand
thus a full characterisation of the source was needed. This ha
been done using six target materials (Mylar, aluminium, copper
silver, tungsten and gold) and three diagnostic instruments (3
pinhole camera, a transmission grating spectrometer and a fla
field reflection grating spectrometer). Here, the pinhole camera
images and transmission grating spectra of the Mylar tape target
are presented.

% ™
~ Ty ﬂ“»t |

Figure 1. (8) Pinhole camera image taken in one laser shot (8
pulses) with 20 torr He. (b) Recongtruction of the image.
The data were recorded on Shanghai 5F soft x-ray film, which
i 3 L I
has been calibrated by Talleresal. , and were subsequently g giongation is mostly caused by the viewing angle used —
digitised using a microdensitometer. The film callbratlonalong the target normal, where the emission is maximum, with

showed that the incident x-ray flux(in photons per square e target surface at 45° to the incoming laser beam The images
micrometre) is related to the expostrgoptical density) of the \yere fitted to two dimensional distributions using the Pearson

film by VIl peak function® which, in one dimension, is
| =K Ing-—2- @) 0 g™
Dy f()_H HZ(X_XONZUM _1BZD 2
X)j=Hg+o—— — 0 )
where Dg; is the saturation density of the film. The values g B HE

determined wer®g, = 2 andK = 2.78 photons pii. However, ) o _

it is known that the characteristics of Shanghai 5F film can varyvhere H is a normalisation constan, is the centre of the
from batch to batch. The calibration was therefore checked bgistribution,w is the full width at half maximum (FWHM) and
exposing the film to x-ray pulses generated by differentVl is known as the Pearson parameter. This distribution is a
numbers of laser shots, typically one to several tens for pinho/g00d approximation to a Voigt function (i.e., a convolution of
images and several hundred to a few thousand for transmissi¢pRuSsian and Lorentzian distributions) but is computationally
grating spectra. The saturation density was then varied until tH®Uch less expensive. For larjethe Pearson VII distribution
incident flux varied linearly with the number of shots. This@PProximates to a Gaussian (and the fit is insensitivi)to

indicated that, for the film useBs = 2 was a good value. while asM approaches one it tends to a Lorentzian. The fit to
the image of figure 1(a) is shown in figure 1(b). The source
The Pinhole Camera sizesws (FWHM) corresponding to the fitted pinhole image

The pinhole camera used a 5pum diameter pinhole and tI"ﬁaWHM.S W were ca}lculated from the pinhole camera
agnification taking into account the penumbral blurring

images were recorded on film 11 cm behind the pinhole. AN S ;
100 nm silicon nitride membrane coated with 200 nm Ofcaused by the finite diametgiof the pinhole
aluminium prevented UV and visible emission of the source s(wf + p)+ pf

from fogging the film. The camera was used to study the plasm&'s =f

under the following conditions:

) ) ] )  (A1x4)pm by (192) um, or (223) um by (122) um when the
5-15 torr of nitrogen acting as a filter to isolate (primarily) yiewing angle is corrected for. The remaining elongation is due
the Lymana line of hydrogen-like carbor (= 3.37 nm); to a subsequently discovered misalignment of the multiplexer so
that the pulses were not all focused to the same place.

®)

20 torr of helium plus 200-400 nm of calcium fluoride to
try to isolate the He line of helium-like carbon The fitted FWHM source size for the single pulse train also

(A =4.02 nm). This was not very successful as the Lyman shows a slight elongation, probably due to the ribbon shape of
line was still more intense than theHe the incoming laser beam. Images recorded after the multiplexer

| taken Il of the ab . ingl d ei alignment was improved are more symmetrical but appear to
mi':lgets \(verefiel en orl all ot the above using singie an e'gl?ﬁdicate a larger source size. This is because they were recorded
puise trains ot laser pulses. over five shots and it has subsequently been discovered that the

A typical pinhole image, using the eight pulse train which will tape driv_e was causing an o_scillation of the target surface with
be used for the x-ray microscope, is shown in figure 1a. an amplitude of=10 um. This was caused by incorrect tape
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tension and by target debris in the clutch, which can easily b&he spectra were fitted using the Pearson VII function for each
rectified by regular servicing or replacement. The fitted sourcapectral line, equation (2) withreplaced by the wavelength

sizes do not vary significantly with filter type, indicating that The fit parameters are not directly correlated to line broadening
there is no strong spatial dependence in the emission of th®ocesses but this is not important here as the purpose is to

main spectral lines. determine the absolute x-ray emission in each spectral line. The
o _ recombination edges were modelled by triangular functions
The Transmission Grating Spectrometer convolved with Lorentzians, as convolution with a Pearson VII

The transmission grating spectrometer used a ~200 nm periddnction is tedious. A typical fit is shown in figure 3; the fitted
grating 10.75 cm from the source, protected by a 100 ghy, Si  lines typically had Pearsavi values in the range 1-2, i.e., the
membrane coated with 200 nm of aluminium. The spectra werkne shapes approximated to Lorentzians.

recorded on film 22.75 cm from the grating. The grating was )

made by electron beam lithography on a 100 nmgNSi Conclusions

membrane followed by nickel electroplating over an area offhe analysis presented above is still not complete, and so any
=100x100 pm. This would have given a poor (geometricallconclusions must be considered as preliminary. However, the
spectral resolution which was increased by using a 25 pmpectral line intensities of the single pulse spectrum are, after
pinhole before the grating. For the source sizes presented taking the diffraction grating efficiency and filter transmission
table 6 this gave a wavelength sprégd=0.08 nm, still poor into account, compatible with those predicted by a model

but the grating had high efficiency. Higher resolution spectracalculation®. The intensity in the Lymaa line of the eight

have been obtained using the flat-field spectrometer. pulse spectrum is compatible with the goal of single pulse per

. . .. pixel imaging in the scanning x-ray microscope.
Spectra were recorded using the same gas/ filter combinations ging 9 y P

as for the pinhole camera images; typical spectra are shown References

figure 2 which shows the effect of nitrogen filtering. The line

widths are predominantly due to instrumental broadening. The" 'I\DAhSDSﬁhu!Z . itv of London (1991
recorded spectra also contain lines due to higher order thesis, University of London (1991)
diffraction from the grating. Comparing the intensities in the2, |CE Turcu, IN Ross, P Trenda, C W Wharton,

various diffraction orders allows the diffraction grating R A Meldrum, H Daido, M S Schulz, P Fluck,
efficiency to be determined as a function of wavelength, taking  AG Michette, A P Juna, JR Maldonado, H Shields,
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Figure 2. Spectrarecorded using the eight pulse train with 20 torr He
and 15 torr N; filters. Lines marked S are due to second order
diffraction from the grating. Other second and higher order lines are
too small to be seen easily or lie beneath first order lines.
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Figure 3. Recorded spectrum from the single pulse train with 20 torr

He and the corresponding fit. For clarity, only thefirst two diffraction
orders are shown.
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Characterisation of a picosecond laser plasma source in the Extreme UV
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Introduction pulse duration could be investigated.

Extreme Ultra Violet lithography is considered a likely - Different lenses and lens defocusing: Changing the spot size
successor of the current deep-UV lithographic techniques ia@s achieved in two ways: By varying the focal distance of the
semiconductor industry. For this application a bright source oféns and by defocusing the lens. It is noted that the error in the
monochromatic light with a wavelength in the range between 1§OWer density is somewhat larger due to imperfectness of the
and 20 nm is needed. An appropriate candidate is the lastns and a non-linear shape of the beam waist.

plasma; a very bright point source, also in this wavelengthyoreover, two other parameters of importance to the
range. Optimisation of yield of a laser plasma is needed in orde%gnyersion Efficiency (CE) have been studied:
to use this source as efficient as possible. Much research has

been done on this subject at longer pulse lengths (5-25 ns), exgPulseto pulse separation: Previous measurements have shown
L2 30 far, shorter pulses, usually resulting in high temperaturé, that a pre-pulse can influence the conversion efficiency of the
plasmas, have not often been studied. In this work, severahain pulse. In a pulse train this situation may occur for every
experiments have been carried out with the FOM Institute fopulse, except the first. The influence of pulse-to-pulse
Plasma Physics Rijnhuizen (Nieuwegein, The Netherlands), teeparation has been investigated for discrete values of 1.8, 3.7
provide a characterisation of the RAL picosecond laser plasmand 7.4 ns.
source? in the EUV band. A calibrated diagnostic unit for - Target material: Different target materials have different
detection of radiation at 13.7 nm wavelength was employed. €lectron configuration and therefore different excitation and
emission energies, giving different levels of radiation at the
Experimental investigated wavelength.

The characterisation of the picosecond plasmas was done g, 5| these cases, the absolute CE was determined and for the
13.7 nm, in the wavelength band that will be used in futurg,ise to pulse separation, also the time structure at wavelength

EUVL applications. The laser plasma was generated using tgas investigated using the streak camera. The target material
RAL picosecond laser system. A pulse train of 6 picosecongyas Cy tape, unless indicated otherwise.

pulses of 20 mJ laser light of 248 nm generated a laser plasma

with temperatures of a few hundred eV. These temperatures
combined with high electromagnetic radiation levels of the laser
are sufficient to generate x-rays with energies of several tens of

o
= e, Mitesatnd, ¥ 0% bl
L PR T ey

&, Aemate, N0 o ey

W SR ]

centred at 90 eV (13.7 nm) was selected using a multilayer ¥ KT
mirror. The mirror consisted of 40 bi-layers of Mo/Si on a z ey
spherical substrate with 32 cm radius of curvature. The plasma i Fagf ' M
was imaged on a PIN diode by this multilayer mirror. The diode e |
was covered with a filter consisting of 50 nmgNgiand 100 nm T 0 f
Nb. This filter suppresses visible/UV by a factor of'.14ll |
elements (mirror, filter and detector) were absolutely calibrated :

for the wavelength under observation at the PTB beam line at Tk

Bessy (Berlin) and the Institute for Physics of Microstructures e s T
(Nizhny Novgorod).

eVs up to several keVs. A small energy bandA[EE 25) it i |

For a few experiments, also a streak camera was used to

investigate the time structure of the plasma at the wavelength ofigure 1. Dependence of the CE on power density for various
13.7 nm. The scheme used was analogous to the absolute lenses and beam attenuation schemes

calibration measurements, with the cathode of the streak camera

replacing the PIN diode. This way, a time resolution of a few

tens of picoseconds could be obtained. Results

. . . . Figure 1 shows the dependence of the conversion efficiency on
Th_e poyver_de.nsny on target was varied using different methOdtT‘ue power density as varied by attenuation of the beam for each
of illumination: of the three focal lengths used. All curves show a similar
- Beam attenuation: by inserting different quartz plates, the behaviour: The conversion efficiency increases with the power
laser beam was attenuated over more than an order @€nsity, but above 1bWicnt the curves seem to top off. This
magnitude while keeping the spot size constant. A secongiould be an indication of a local optimum power density, but
method to attenuate consisted of positioning a diaphragm in theerification required an energy in the laser pulse beyond that of
beam, which changed somewhat the focal spot sizehe current experimental conditions. The range of power
- Pulse duration: Changing the oscillator cavity, a range in densities of the 9 and 18 cm lens overlap, indicating that both
pulse duration’s between 3 and 21 ps per pulse could blénses gave an approximately equal focal spot size. The range
obtained. Since the energy per pulse did not changor the 50 cm lens is somewhat smaller due to high noise levels
significantly over this range, almost an order of magnitude irdt the lower end of the power density range. As all lenses follow
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the general curve, the conversion efficiency seems to be onlyefocusing) coherent data could be obtained about the

dependent on the power density. Larger spots with highebehaviour of the conversion efficiency on the power density.

energy result in similar CE values as smaller spots with lowCombining figure 1 and 2 shows an optimum power density of

energy. 2x10" Wicnt for copper targets. The conversion efficiency
obtained at this value is 0.22%/% BW.
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Figure 2. Dependence of CE on power density for different Mornumber (2

pulse duration’s (annotated) Figure 4. Dependence of the conversion efficiency on

Using shorter pulses a higher power density can be investigated, material and power density.

up to almost 18 Wicn? (figure 2). The plot shows an initial . . . .
: . e e ' A certain trend can be seen in the conversion efficiency versus
increase of the conversion efficiency with increasing power

density, followed by a drop of the CE for even higher powerlelse'tO.'lelse separatiqn plot_ (_figure 3). For spmewhat longer
densitiés Combining figure 1 and 2, a local optimum is fc)unaseparat!on, the conversion efficiency seems to increase. Even at
at 2x10* W/cmz ' separations of more than 7 ns, some influence of the pre-pulse is

visible (At infinite separation the CE should drop to the level of
The conversion efficiency varies only slightly with the pulse-to-a single pulse).

pulse separation, as shown in figure 3. Due to the small numbﬁr . . . -
i . ; . or different materials the conversion efficiency follows the
of points combined with the relatively large errors on the data

the dependence of the conversion efficiency is not vet CleaFgeneral trend already found in previous research at lower power
P . . X y y density?. Gold has the highest conversion efficiency (0.22%/%
There seems to be a slight increase in CE for longer pul

separations SBW at 2.5x16* W/cnt) under similar conditions, but the lack

' of variation of materials in this investigation leaves room for
further material optimisation at these power densities (like Ge
and Re for 18§ Wicn?, see figure 4).

B g oo e
Future research could be focused on a better spread of elements
in the periodic table, at a larger range of laser energies and focal
spot sizes. From figure 1 we conclude that a higher pulse energy
on target could confirm the optimum power density for these
picosecond pulses.
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Introduction atoms and observed fan = 0 transitions in medium and high-

When an extreme-ultraviolet (EUV) photon interacts with anZ atoms. Since first seen in the XUV spectra of the lanthanide
atom or ion in a ground or excited state, in addition to valencgolids in the mid 1960's they have received extensive
electron excitation and/or ionization, several competingtheoretical and experimental study in atomic, molecular and
processes can take place involving inner shell and/or multiplgolid state phase¥ Only two experiments on ions have been
electron excitations. Interpretation of the multi-electronPublished® * in the intervening thirty years or so and a half
dynamics of the excitation and decay processes requirédozen or so on the actinides (réf.and refs. within). To date
theoretical models capable of handling the complex manyn© experiment on photoionization of actinide ions has been
particle nature of the problem. The challenge toPublished and in order to address this gap we decided look at
experimentalists is to devise techniques which can identify ang@d-photoionization along the Th isonuclear sequence.

measure accurately the various excitation and decay processes

for atoms and ions in well described initial and final states. FXPerimental setups

addition to its fundamental interest, the study ofl. XUV Continuum Duration

photoexcitation/ ionization in this energy regime is also of . .
X e A schematic of the experimental setup used to measure the
considerable practical interest as the results are relevant to

understanding of many laboratory and astrophysical plasmgbv continuum pulse duration is shown in figure 1(a). 7 ps

processes. Furthermore, as atoms in molecules or condens%ﬂdlrief‘a dfrcc)jme tgi;:e\?vléfgcgmm;#;% %urptlét .?fzg ?XFCS roggﬂzl)é
matter often exist in ionic form, measurements on their fre P y P P y

atom or ion counterparts can prove helpful in elucidating th2ssIng them through a K- excimer laser. The KrF amplifier

effects of the molecular or condensed matter host. Mos\fvas triggered by a 10 Hz clock derived from the 82 MHz

. . oscillator of the modelocked Nd-YAG laser. The output from
recently, the discovery that nanoclusters can be formed in Ias:tarrle KrE amplifier was focused to an iradiance of Bygjent?

matter interactiond has refocussed interest on free atom/ion. 5 . o

. in vacuo (10° Torr) onto rod targets via a /7 fused silica plano-
spectra for comparative purposes. . .

convex lens with a focal length of 35 cm. An optical low pass

For neutral atoms experimental techniques for photoionizatiofilter consisting of a pair of Ag coated mirrors oriented at a
are well developed and spectroscopies such as photoabsorptigtazing angle of 10combined with an XUV transmission filter
fluorescence, photoion, photoelectron and coincidenceomposed of thin films of Mo (0.18%m), CH (0.159um) and
measurements often combined with angular resolution havéhe 0.1 pm formvar substrate of the streak camera Csl
provided very detailed data on atomic excitation and decaphotocathode yielded an symmetric transmission curve with a
dynamicsz). For ions the situation is much less satisfactorypeak transmission of 65% @ 115 eV and FWHM of ~ 75eV.
mainly due to the great difficulty in generating high density ionThe streaked image was read out by an image intensified CCD
beams. An extremely versatile technique for the recording ofamera and the overall system time response was better than
photoabsorption spectra of atoms and ions is the Dual Las@0 ps.
Plasma (DLP) method. One laser plasma constitutes the
‘'sample’ while the other becomes the XUV backlighting sourc
The DLP method has been used to study a wide variety o
atomic and ionic specié and has contributed to a number of
significant advances in the field of atomic inner shell P XY by
excitations over recent yeals

pu e brb i

&

=
A key element of the DLP technique is the extensive ‘line free’ /: ,‘h

XUV continuum emission from laser plasmas of the rare-earth R I —

and neighbouring metal® which provides a compact and = oy Camaru | MK AT T Y W
economic alternative to a bending magnet or insertion device 8 T EEREe

a synchrotron radiation facility. In a previous experiment at Fade (LFF) 1
RAL 7 we showed that one could produce similar emission # I"m_“q

using 7 ps, 248 nm pulses with an upper limit of 750 ps on the Cill Pt hade iprd S s
duration. Since the time resolution of the DLP method is e | Lsthaar

determined by the XUV pulse width one major goal of the
current experiment was to better measure this parameter for
some typical target p_Iasmas (Sm, W, . Au &. PD) a_nd study its Figure 1 (a). Experimental Setup for extreme-UV continuum
dependence on certain laser characteristics, in particular laser to -

ASE pulse energy ratio. pulse duration measurements.

One of the most interesting entities to have been revealed via
inner shell excitation is the so called ‘Giant Resonance’. It is a
characteristic of the collective nature of electron interactions in
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FWHM 60 ps or so. The results are summarised in table 1. and

show the mean continuum pulse duration to be sub 200 ps or so

o e Kl e and as low as 120 ps for a tungsten plasma. These values may
o Ui ok Vog, ks P kel be reduced by 10 - 15 ps after deconvolution of the streak

|_ | YT ll‘;. I camera response. At the irradiances used here one would expect
| i ST Bl Fikdar " plasma temperatures of 150 eV or so and ion velocities of

~10 cm/sec. Hence continuum emission times of 100 - 200 ps

_-' { T T
T T i .l 1 T — correspond to plasma emitting sizes of 10 pg0or so.
S P
| = . Average Std Deviation
ngtirer AT Continuum Target FWHM (ps) )
Colladeval Gell g speing 5]
R L I T
t Lead 123 +42
' - | P Tungsten 176 +42
FLAT FIELE SFECTROMETER (FF%: Samarium 183 27
Gold 209 134
Figure 1 (b). Experimental setup for time and space resolved
dual laser plasma (DLP) photoabsorption measurements. Table 1.
2. Time Resolved Dual Laser Plasma Experiments It has been well established that the duration of X-ray emission

from ultrashort pulse laser plasmas tends to increase in the

The setup used to record time integrated emission and timresence of either ASE or controlled pre-puféesIn order to
resolved photoabsorption spectra is shown in figure 1 (b). Thi#vestigate the effect of a 20 ns ASE pedestal from the KrF
thorium absorbing plasma was generated by focussing tremplifier on the continuum duration, a spatial filter with an
1064 nm/ 300 mJ/ 8 ns output pulse from a Q-switchedidjustable iris was used to vary the ratio of ps laser to ASE
Nd-YAG laser to a spot size of ~1Qfm dia. via a f/Slens  energy (see figure 1). We found little dependence of XUV
(f = 12.5 cm). The 248nm/ 20 mJ/ 7ps pulse was synchronise@ontinuum duration on ASE level for ASE energy = 0.5 -> 2.0
to the Pockels cell of the Nd-YAG laser and, tightly focusedtimes picosecond laser pulse energy. Since even at the lowest
onto a tunsten rod target, generated a backlighting XUVASE level we could form a pre-plasma and given that the pre-
continuum with a variable delay and an inter laser pulse jitter oPlasma parameters did not vary much over the range of ASE
+/- 500 ps. An XUV prefilter, similar to the one used in the€nergy available this observation is not too surprising.
streak camera measurements virtually eliminated all photongnfortunately we could not eliminate the ASE to determine the
above 200 eV thereby ensuring that the window of interest frorfhe spectral purity and duration of continuum produced in a
100 - 200 eV was free from order sorting problems. In additiorflirect laser-solid target interaction. However, one would expect
the pre filter eliminated all scattered light permitting the to observe a further pulse width reduction in this case.

measurement of reliable relative cross-sections. Transmitted,s ghserved a marked dependence on picosecond laser pulse
XUV radiation was dispersed by a flat field spectrometergne gy (figure 3). In case of tungsten, the continuum duration
equipped with an ANDOR back thinned CCD which typically angeq from < 100 ps to almost 200 ps for pulse energies of 10
covered the 65 - 200 eV range with its 1024 pixel width. Tha, 53 3 or so. The growth of continuum duration with laser
spectra! resolution achlev_ed approach_ed 250. 'I_'he thorium targgt e energy appears to show a threshold at ~ 15 mJ and is very
was affixed toa three axis mount which permitted us to pro_b arked at the higher energy limit of the laser. This latter point
different regions of the expandlng plasma p_Il_Jme. The fo_otprln xplains the error of +/- 25% f.s.r. on the measurements given
of the XUV beam at the thorium target position was estimateg, 1apje 1, since shot to shot fluctuations of up to +/-50% or so
to be < 10Qum V X 100um H as determined by the geometric ;i o ps laser energy were not uncommon.

acceptance of the spectrometer and its associated optics.

170
n
160 9
u
150 b
o l40F q
o
~ 130 9
% 120 q
u
F - 110 E
140 M E
0 120 ‘\ Y b 100 = u 7
g 100 | [ 1 wf " 1
[ 1 ol
b o ‘\ M’W” B 8 10 12 14 16 18 20 22 24
L ] Wuf‘ ‘”\ Wi ] i
§ :Z e Vi Wbt | Picosecond Energy (mJ / pulse)
o 5[‘)0 1(;00 15;00 2(;00 2500
_ Time (ps) _ ) Figure 3. Dependence of extreme-UV continuum pulse duration
Figure 2. 2D and corresponding vertically binned CCD image on picosecond laser pulse energy

of the streak from a tunsten plasma.

The time evolution of XUV photoabsorption by laser produced
Results and Discussion thorium plasmas is shown_ in _figu_re 4_. T_he energy range c_hc_)sen
straddles the 5d-subshell ionization limits of thorium permitting
Comprehensive sets of measurements of both static angle study of both 5d photoexcitation and photoionization.
dynamic images were made for four target materials (Sm, W,
Au & PDb). The static images were used to determine estimates
of the streak camera instrument function for each set of data
which is reasonably well approximated by a Gaussian curve of
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along an actinide isonuclear sequence. A simple picture

ZSM requires an alternative interpretation of ‘giant resonances’.
422ns

f-electrons possess bi-well potentials separated by a potential
barrier. In atomic thorium a 5tR ‘like’) state lies above the 5d
limits but trapped by the potential barrier while the ¥, {D

5ons ‘like") states lie below the 5d limits and are located in the inner

\
\m/*w/\mm‘\w

Asarbance (A LHS)
|

s rmrveatg oy 30NS well of the potential. The higher nf states all lie in the outer well
20ns eliminating the possibility of 5d - nf (n>5) transitions. Thus the
°°WMWWWMMWWWW ons atomic spectrum of Th may be interpreted as comprising a 5d -
°o® @ ™ W ™R = W 5f (°P,°D) low energy resonance and a 5d - ') (high energy

Energy (eV) ‘giant resonance’. As the degree of ionisation is increased the

0ffwaves begin to contract and the spectrum shows discrete
structure overlaid on a giant resonance. Very suddenly all
f-waves collapse into the inner well at which point the spectrum
becomes a simple Rydberg series running up to the 5d
ionization limits. We carried out a series of calculations on
5d - nl excitations with the Cowan suite of codfs We

d:oncentrated on more highly ionised thorium ions (4+ -> 6+)
gvhich have relatively simple ground states. The results are
n%wown in figure 6, where we show a comparison between a
H”leasured relative and computed absolute cross-sections.

Figure 4. Time resolved extreme-UV photoabsorption spectra
a thorium plasma showing the transition from ‘Giant
Resonance’ continuum absorption to discrete Rydberg like
spectra with decreasing time delay.

At long times (> 400 ns) after the initiation of the thorium
plasma the absorption spectrum exhibits two well define
features, a narrow one below the 5d ionizations limits and
broad and strong asymmetric one above the limits. There is
single simple interpretation of the spectrum. One approac
which relies on the collective response of the atom’s electron — T T T T T T
cloud to an external electromagnetic field yields good al — Th4+ 730
agreement with the current photoelectric data and an earlier —— Th5+
measurement using the long pulse DLP technifueThere is
however a discrepancy in the width of each feature which was
postulated to be due to low lying metastable states in thorium
and in particular of the 6@s configuration. To test this point
we have performed preliminary calculations using the
RTDLDA code ™ which indicate that the observed spectrum
does indeed exhibit contributions from both ground and
metastable states of Th (see figure 5). It is clear from the figure
that significant populations of thorium atoms appear to become
‘frozen’ in long lived metastable states. As of how we cannot L
say for certain whether metastables are formed in excitation of 00 @
atomic thorium in the plume or in e - Trecombination.

a3

Q2

Q1

Absorbance (Arb. Units)
Conwolved Cross Section (MB)

Jﬁ I
- UL.MLM,MAJM&{LA 4 o
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100 1o hr.) 10
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Energy (eV)

Figure 6. Photoabsorption spectrum at an interplasma delay of
20ns. The spectrum is compared with computed spectra for

T T T et 422ns, Delta x = 0.1mm ® 4,5 & 6 time ionized thorium. The absorption is clearly due to
6027s2RTDLDA | predominantly five times ionized Th ions.
- [ - 04
o = 60°7s RTDLDA o It is clear that the spectrum is an admixture of all three ion
=3 Q stages and dominated by the main 5d - 5f transition which
S 03§ absorbs most of the 5d-spectrum’s oscillator strength.
= =
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Generation of optically triggered-magnetic field pulses for use in pump-probe
experiments

R J Hicken, J Wu.
Department of Physics, The University of Exeter, Socker Road, Exeter, EX4 4QL,UK. Email R.J.Hicken@exeter.ac.uk

Introduction monitored continuously. An additional sense line has also been

Photoconductive switch structures may be used to generaffown in figure 1. If a second time delayed optical pulse is
magnetic field pulses for use in pump-probe experiménts focused on to the gap bet_ween the_se_nse line and t_he main line
When triggered with a sub-picosecond optical pulse, the switcf'€n some of the current in the main line may be diverted into
generates a current pulse with a sub-picosecond rise time. TH& Sense line. Let us assume that the conductivity in each of
associated magnetic field pulse may then be used to punip® tWo gaps has the same time dependence. By measuring the
dynamical magnetic processes in thin film samples. Thdntegrated current in the sense line as a function of the time
response of the material is probed by means of a time resolvétglay between the two optical pulses, an autocorrelation
measurement of the Magneto Optical Kerr rotation. In thigheasurement of the temporal profile of the current pulse may be
report we describe the fabrication and testing of suitabl@btained.

photoconductive switch structures. We show also that thﬁb ina the Switch

magnetic field pulses generated by the switch may be used Fsting the Switc _ )

stimulate Ferromagnetic Resonance (FMR) oscillations in dMeasurements were made using a standard optical pump-probe

ferromagnetic thin film sample. apparatus. The light source was a diode-pumped mode locked
Ti:sapphire laser that produced 100 fs pulses at a repetition rate
The Photoconductive Switch of 82 MHz. The average power output was approximately 1 W

A schematic representation of a typical photoconductive switc&t the operating wavelength of 800 nm. Each pulse from the

structure is shown in figure 1. Conducting tracks of Au werg@ser was divided into pump and probe parts by means of a

deposited onto an intrinsic semi-insulating GaAs substrate bjeamsplitter. The length of the pump beam path was varied by

evaporation and patterned using a standard photolithographigflecting the beam from a glass corner cube mounted on a

lift-off technique. The switch is in essence a biased parallel wir§!8Pper motor driven translation stage. \We chose to vary the

transmission line. The Au tracks in the main part of thelength of the pump beam path be_cause the detector used for the
transmission line, where the sample was overlaid, had a widtfieéasurements on the magnetic sample was found to be
and separation of 125 pm. The transmission line was connect@gticularly sensitive to any motion of the probe beam.

to large Au pads to which wires and surfaceunt components  The form of the trace acquired by the oscilloscope when the
were attached with silver paint. By matching the terminatinggyitch was triggered by the pump beam is shown in figure 2.
impedance to the characteristic impedance of the transmissiofhe wave form has a period of 12 ns corresponding to the
line it is possible to control the amplitude of reflections fromepetition rate of the laser. The apparent rise time of each pulse
the power supply end of the line. is determined by the sample rate of the oscilloscope, while the
long tail results from the long recombination time of the GaAs
substrate. In general the tail is not of a simple exponential
form, suggesting that small partial reflections of the pulse still
occur at the ends of the transmission line. The results of
autocorrelation measurements made with the sense line are
shown in figure 3.

IIIIIIIIl

Current in main line
(arbitrary units)

IIIIIIIIII
111 IIlIIIIIIIIIIIIIIIIIIII

-5 0 5 10
Time (ns)

Figure 1. A schematic representation of a typical

photoconductive switch structure is shown. Figure 2. The current in the main line as measured by a fast

oscilloscope is shown.

The switch is triggered by focusing an optical pump pulse ontdits to figures 2 and 3 indicate that the current in the switch
the gap between the tracks.  The photoexcited carriers caugghibits an exponential time decay. The time constant obtained
the conductance of the gap to be reduced which causes a curréi®m the fits was approximately 2 ns in each case and is of the
pulse to propagate along the transmission line. If the switch isame order as the expected recombination time of the GaAs
triggered close to its open circuit end, the resultingsubstrate. In practice the oscilloscope was found to be the more
instantaneous reflection of the current pulse allows the heightseful diagnostic tool since the effect of adjusting the position
of the current pulse to be effectively doubl8d A fast  of the pump beam spot could be immediately observed.
oscilloscope was connected across one of the resistors in the

main line so that the shape of the current pulse could be
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In order to confirm the magnetic origin of the oscillations in
1 figure 4 the strength of the static magnetic field was varied.
The field dependence of the oscillation frequency has been

z 2
é (% 0.95 plotted in figure 5. The motion of the magnetisation may be
8 S described by the Landau-Lifshitz equation and its solution for
-g = 0.9 small amplitude oscillations is well kno@n This yields the
23 085 formula shown in figure 5 where the magnetomechanical yatio
g 5 ) is related to the g-factor by the expression
59 0.8 § y = mg(2.80)MHz/Oe. By assuming the parameter values
<2 o075 shown in the figure, the formula was used to generate the
-800 -400 0 400 theoretl_cal _curve. We note that '_[he fitted value of the
. magnetisation is strongly reduced with respect to that of bulk
Time Delay (ps) Fe, which we attribute to the partial oxidation of the Fe layer.

In principle the shape of the oscillations observed in figure 4
can be calculated. This is not a trivial exercise since the Kerr
rotation depends upon more than one component of the time
Observation of Ferromagnetic Resonance dependent magnetisation vectdrand the values of a large
L . . . .number of material parameters must be known. However we
The magnetic field generated by the switch is most intense in

the region immediately above the surface of the GaAs SLIbstratcan see that the measurement technique allows the frequency of

Sscillation and the damping of the magnetisation to be directly
The structure Mgp(1000A)/ Fe(250A)/ MgB(100A) was quantified.

therefore deposited directly onto the switch. Each layer was
grown by evaporation at a background pressure & aar.
However it was necessary to briefly vent the vacuum systen 16 7
between the growth of the different layers. Some oxidation o "M = 70 3

the Fe is therefore to be expected. The first Mbfyer was - 0 emu/cm

designed to prevent the Fe layer short-circuiting the 12 __g— 2.09 I
transmission line. The upper MgHayer was intended to

protect the Fe from the atmosphere while allowing optical
access. The Kerr rotation of a p-polarised probe beam we

Figure 3. Integrated current is plotted against time delay for
autocorrelation measurements made with the sense line.

Frequency (GHz)
o

IIIIIII
IIIIIIIIIIIIIII

measured with an optical bridge constructed around a polarisin 4 % *
beamsplitter. The pumping magnetic field was modulatec . (wly)? = H(H+41M)
either by chopping the pump beam or by applying an ac voltag o Lo v by v b by
to the switch. The use of phase sensitive detection allowed tt 0 1000 2000
Kerr rotation to be measured with microdegree resolution. -
Magnetic Field (Oeg)

The pumping magnetic field typically had a peak value of 1 Oe

while its orientation could be varied simply by scanning theFigure 5. FMR frequency is plotted against static magnetic field

probe beam across the transmission line. The pumping magnetic strength.

field is expected to lie roughly parallel to the plane of the )

substrate above the Au tracks and perpendicular to the plafePnclusion

elsewhere. A static magnetic field was applied in the plane dih conclusion, we have demonstrated that a photoconductive

the sample. Measurements were made with this field eitheswitch may be used to generate magnetic field pulses and that

parallel or perpendicular to the plane of incidence. Figure 4hese may in turn be used to observe FMR oscillations in optical

shows typical results for the case that a static field was appliggump-probe experiments.  The pump-probe spectroscopy

perpendicular to the plane of incidence and the pumping fieldechniqgue has many advantages over existing experimental

lies in the plane of the sample and perpendicular to the statiechniques such as microwave resonance and Brillouin Light

field. The static field strength was 400 Oe and the maximun$cattering for the observation of magnetic resonance

rotation was about 10Q@leg. phenomena and it may become the technique of choice for
studies of miniature lithographically defined structures.

We gratefully acknowledge the financial support of the EPSRC,
assistance with sample preparation from Mr D. J. Jarvis, and
many stimulating discussions with Dr C. D. H. Williams.
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A Study of the Subcellular Localisation of Photosensitisers in V79/4 Fibroblasts and
Model Systems by Time-Resolved Fluorescence Microscopy

D | Pattison, A J MacRobert.
National Medical Laser Centre, University College London Medical School, London

A D Waite, D Phillips.
Department of Chemistry, Imperial College of Science, Technology and Medicine, London

K Henbest, A W Parker.
CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon., OX11 0QX

CdelLara, P O ‘Neill.
MRC Radiation and Genome Sability Unit, Harwell, Didcot, Oxon

Introduction Results

Photodynamic therapy (PDT) using photosensitising drugs is g oqq Systems
promising minimally invasive technique for the destruction of

tumours and diseased tissue without the use of major surge
A number of photosensitisers are currently under scrutiny, an 2 : > ; o
gonditions that resulted in similar fluorescence intensities,

many second generation photosensitisers are based on meta . .
phthalocyanines or chlorins. The intrinsic fluorescence of thesﬁfependem .Of the stain usec_i. The_ use of time-resolved
photosensitisers enables studies of the intracellular localisatio orescence imaging allo_wed differentiation of the bead_s by
of these drugs by fluorescence microscopy. However, it iéh_elr lifetimes, with a lifetime of ca. 4.8 ns for thlose stained
known that the fluorescence lifetime of the drugs is affected b)‘f.v'th AIPcS, and 85 ns for the m-THPC stained beads
factors such as aggregation and binding to proteins. The use ggure 1a).

the confocal fluorescence lifetime imaging microscope
(CFLIM) at the Rutherford Appleton Laboratory allows the
spatial distribution, and the environment of the photosensitisers
to be quantified. The data presented here expands on previous
work at the Rutherford Appleton Laboratory with the anionic
photosensitiser, di-sulphonated aluminium phthalocyanine
(AIPcS). In addition, two further photosensitisers have been
investigated, which have been studied previously with steady-
state fluorescence microscopy by other groups. These are the
cationic complex, pyridyl zinc phthalocyanine (ZnPPC), which
has been found to have a higher cellular uptake than anionic
sensitisers, and 5,10,15,20-meta-tetra(hydroxyphenyl)chlorin
(m-THPC or Foscan).

sample was prepared by mixing beads stained with either
IPcS, or m-THPC. The beads were stained separately under

Experimental Details

The CFLIM apparatus has been described previously.
However, some of the studies reported below were acquired
with an upgraded image intensifier (loaned by Kentech
Instruments), which enhanced the signal-to-noise ratio in time-
gated mode, and provided greater image quality with much
faster acquisition times. This resulted in less light exposure of
the sample, reducing the effects of photalching and
unwanted destruction of the sample.

o

Lifetime/ns 17

Sepharose beads (50 - 14 in diameter) were used as model
systems to allow characterisation of the photosensitisers. The
beads were stained with the sensitisers by leaving them in an
aqueous solution of the desired photosensitiser (ca. 1M20

for between 30 s and 4 h depending on the sensitiser used. The
beads showed strong uptake of all three photosensitisers, with
AlPcS,; yielding the most fluorescent beads. Once stained the

No. of Pixels
5 8 B

8

o
|

beads were suspended in gelatine in specially constructed Petri 3 & ¢ X 3

124
14.8
17.3

dishes with a cover slip base for study under the microscope.

For the preparation of cells the facilities at the Medical Lifetime/ ns

Research Council (MRC) were used to grow V79/4 Chinese
Hamster fibroblasts to log phase. The cells were stained with
the required photosensitiser (typically pM for ZnPPC and
AIPcS)) in phosphate buffered saline (PBS) at %7 and

5% CQ for ca. 1 hour. The cells were subsequently rinsed
3 times with PBS, before investigation under the microscope.

Figure 1. Sepharose Beads Stained With
AlS,Pc and m-THPC; @) lifetime image;
b) histogram of lifetimes
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The histogram showing the distribution of lifetimes (figure 1b)these experiments we have been able to measure time-gated
within the calculated lifetime map clearly demonstrates theluorescence images with the resolution required to observe the

bimodal distribution of lifetimes in the sample. This illustrateslocalisation of AlPcg within the cells (figure 2). This

the ability of both the microscope system itself, and the analysikcalisation had previously only been seen in steady-state

software, to accurately determine two completely differentmeasurements due to the deterioration of the image quality

lifetimes within the same sample. upon changing to time-gated mode.

The calculated lifetime maps have an average lifetime of
ca. 6.5 ns which is longer than that observed previously, but
there is evidence for a shorter lifetime in the Golgi apparatus
and nuclear envelope, than in the surrounding cell. However,
single pixel analysis of the images provided no evidence for the
biexponentiality observed previously in cells, but this may be
due to insufficient light exposure resulting in low degrees of
relocalisation within the cell, relative to that observed in earlier
experiments.

Cedlswith AlPcS,

Cdlswith ZnPPC

16

o

Lifetime/ ns

12

Lifetime/ ns
(0))

0 0 Lifetime/ ns 10
Position / pixel

Figure 3. V79/4 Fibroblasts stained with 25mM ZnPPC
for 1 hr; a) time-gated image after 0.5 ns; b)

Figure 2. AIPcS2 in V79/4 cells; a) time-gated image -
fluorescence lifetime map

(0.5 ns after excitation pulse) showing localisation of

fluorescence; b) fluorescence lifetime map; c) lifetime
profile along red line in lifetime map

Previous studies of ZnPPC in RIF-1 cells by steady-state

fluorescence microscopy showed that ZnPPC localises

redominantly in lysosomes, with extensive relocalisation

Ollowing exposure to light.

The experiments previously undertaken with AlP@s cells
have been repeated with the new Kentech gated ima
intensifier to obtain clearer images. For the first time during
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The experiments undertaken with the CFLIM system at RALThe changes in the lifetimes of the drugs upon relocalisation
were performed to give further insight into the species presergppear to be minimal, but further studies with reduced light
within the cells (monomeric, dimeric or aggregated ZnPPC)exposure are expected to show differing lifetime distributions,
and on the mechanisms involved during relocalisation of thearticularly with ZnPPC. The usefulness of the CFLIM
ZnPPC, as well as providing a parallel cell line to compare théechnique has been highlighted in a model system, consisting of
behaviour of ZnPPC. beads stained with different photosensitisers, where it is

The time-gated fluorescence images obtained showed Iittlgifﬁcu't to differentiate the beads by fluorescence intensities
vl e lone, but th ily diff tiated by their lifeti .
localisation of the ZnPPC within the cells, and we propose that one, butthey are eastly difierentiated by thelr filetimes

:he_light Ie\;ﬁls re?uir?_d t?_ measure these Ii_lmages Wetrhe Sll?;ﬁt‘?ieﬁtcknowledgements
0 induce the relocalisation processes. However, the lifetim . .
maps show little variation over the cell between bright and dar € WOUld I|ke_ to thank the BBSRC and EPSRC for providing
areas, with an average lifetime of 2.5 - 3.0 ns (figure 3). Th unding for this work. We are als_o very grateful to P_rof: S.
staining conditions were varied with concentrations from rO\tN.rt') at_nd D;tE- \z/eglgg (Unl\_/ersl:y c;; Leedts)df_or their kind
10 - 50puM ZnPPC in PBS, but there was little change in theCoNtribution othe zn required for these studies.

measured lifetimes. References

An interesting observation, was that staining in growth mediunt. D Scully, R B Ostler, D Phillips, P O'Neill,
rather than PBS resulted in much slower uptake of the ZnPPC, K M S Townsend, A W Parker, A J MacRobert,
but still there was no discernible difference in the measured  Bioimaging, 5 9-18 (1997)

lifetimes. Prolonged light exposure of the cells, leads us to

tentatively propose a shortening of the fluorescence lifetime2: S R Wood, J A Holroyd, S B Brown,

These results are promising, but further experiments are Fhotochem, Photobiol, 65 397-402 (1997)
required in order to determine the exact nature of ZnPPC iB. R Hornung, B Jentsch, N E A Crompton, U Haller,
cells, and crucially experiments with much less light exposure  p wat,

must be undertaken to give the insight we require. Lasers in Surgery and Medicine, 20 443-450. (19997)

Summary 4. R B Ostler, A D Scully, A Waite, K Henbest, C de Lara,
The initial localisation and subsequent photo-induced D !Pattison, A J MacRobert, D Phillips, AW Parker,
relocalisation of phthalocyanine photosensitisers in V79/4 cells ~ CLF RAL Annual Report, 180-181 (1996-1997)

has been studied by time-resolved fluorescence microscopy.
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Antioxidant function of lipoamide and dihydrolipoic acid studied by laser flash
photolysis and time-resolved resonance raman spectroscopy

R H Bisby.
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A W Parker.
CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon., OX11 0QX

Introduction Results and Discussion

By virtue of their reducing properties, thiols are regarded a®) Kineticsof triplet duroquinone reactions
having antioxidan? and radioprotectiv@ properties. Although
in nature (dihydro)lipoamide functions mainly as a cofactor in
the pyruvate dehydrogenase complex, both dihydrolipoic acid
and lipoic acid and derivatives have been intensivel
investigated as potentially useful therapeutic antioxidarfis

\When excited by the 308 nm output of the XeCl laser, the initial
inglet excited state of duroquinone undergoes rapid (ca 20 ps)
nd efficient ¢ = 0.91) intersystem crossing to the triplet
state which is a strong oxidatit. In an acetonitrile/water (1:1)

In model systems both compounds have been shown °IUtion DQ (Ame 480 nm) decays with a first order rate

scavenge reactive oxygen species (ROS) such as Sing@@nst%nt (8 of about_2xlbs. The pseudo first order decay

oxygen ”, hypochlorous acid and the trichloromethylperoxyl (k') of "DQ increases in the presence of added reactive solute, S.

radical®, and hydroxyl radical& ?. In addition lipoic acid may The value of the second order rate constantds determ[ned

chelate redox-active transition metal iGrf& from the slope of a plot of k' versus [S] according to
equation (1).

There have been few physiochemical studies of reactions ,

between both of these compounds and ROS. Pulse radiolysis K =k + k[S] @

has been used to study both the one-electron oxidation anghe inset to figure 1 shows a second order plot for the oxidation
reduction of dihydrolipoate and lipoate respectively to theyt gihydrolipoate (DHLA) by®DQ at pH 7.7 from which a
lipoate radical anion (RSSR?. Asmus and Bonifacic have 4ue for k of (2.09 + 0.06) x 10 dn? mol* s! was obtained.
shown the one-electron oxidation of disulfides to a radicapring these measurements it was noted that on repeated pulse
cation (RSS) ™ and have estlmated the reduction potential ofjjjymination of these solutions at higher laser intensity the rate
the “%’ate radical cation RSERSS couple as 1.10 V VS f decay ofDQ increased, implying the formation of a more
SHE ™, some 300 mV lower than for that for non-cyclic reactive product. This is confirmed by the plot in the inset to
disulfides and a result of the small dihedral CS-SC angle in thggyre 1 for the reaction dDQ with lipoamide (LA) at pH 7.7,
five-membered ring of lipoic acitf. from which k = (4.72 + 0.08) x 1bdn? mol* s*. Hence at pH

3 . . . .
The triplet excited state of duroquinondDQ) is usually /-7 “DQ reacts more than twice as rapidly wlt?ﬁA as with
regarded as mainlyert in nature, but its reactivity with DHLA. Below pH 6 the rate constant for reactiondf with

ethanol and isopropandf ¥ implies at least partial dihydrolipoate is independent of pH with a value of 1.1 % 10
Oc;m3 mol! s? but above neutral pH the rate constant increases

peroxyl and alkoxyl radicals, which are important free radicalmdicalting a much higher reactivity of the thiolate anion. The

int diates in liid idation. We h iouslv studi Jesults are consistent with the reporteq ayerageopme thiol
;Eeergjﬁd;?ioer? 'Qf 'g' nl?r?]rk?:rl gfl(;r;tiox%ari\;efggwgﬁg yhz\?e *®Groups of DHLA of 10.79. The results in figure 1 indicate that

found it to eact rapidly (k ~ 16 dm? mof s? with & PH 7, quenching ofDQ is due almost entirely to the

dihydrolipoic acid in ethanol solution and to be a useful One_undeprotonated form of DHLA. It is rather unexpected that the

electron oxidant for the study of antioxidant radicals by time_reactivity ofDQ with the disulfide (LA) is higher than with the
resolved resonance Raman &y Bpectroscopy 9.

6
Materials and M ethods

Experiments were undertaken in the Nanosecond Laboratory at™
the Lasers for Science Facility. Laser flash photolysis
employed a Lumonics PM-846 XeCl laser emitting a 10 ns7_
pulse at 308 nm. The laser output was attenuated t0Q 4
approximately 5-10 mJ pul3ein order to minimise triplet- S
triplet decay of excited duroquinone and all samples Weremg
deoxygenated bypubbling with argon. Transient absorpton © 3
measurements were made using a conventional kinetic singl@
beam spectrometer consisting of tungsten lamp (Oriel),
monochromator (Bentham, model TM310) and photomultiplier - 2
detection (Hamamatsu R905). Time-resolved resonance Raman
spectra were obtained using the apparatus previously described
¥ The pump pulse was the frequency-tripled output of a
Continuum Sunlight Nd:YAG laser at 355 nm (5 ns, ~1 mJ) and 5 6 7 8 9 10
the probe pulse was obtained from a Lumonics XeCl pumped
dye laser (Lambda-Physik FL3002) at 440 nm (10 ns, ~0.5 mJ). pH
Raman spectra were measured with a Spex Triplemate 1877 angigyre 1. Effect of pH on the second order rate constarfark
a back-illuminated liquid nitrogen cooled CCD array (Princeton reaction of triplet duroguinone with dihydrolipoate in phosphate
Instruments). Calibration was with the toluene Raman spectrum (10 mmol dn) buffered water/acetonitrile (50:50 V/v).
and is accurate to + 2 ¢hand spectral manipulations were INSET: plots of pseudo first order rate constants (k') for
performed with the Princeton CSMA software. reaction of triplet duroquinone with lipoamide (LA) and
dihydrolipoate (DHLA).

(631
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thiol form (DHLA), but this is supported by the previous include a molecule of water.

observation that the C{D, radical reacts nearly 8 times faster . .
with lipoic acid than with DHLAY. b) Transient absor ption and resonance Raman spectra

Transient absorption spectra obtained by laser flash photolysis

Scheme 1 shows that the reactiorfD® with LA is expected efor reaction ofDQ with both DHLA and LA at pH 7.7 were

to be a simple electron transfer. Reaction of the DHLA in th X . i
undeprotonated form (pH << pi 10.7) involves both electron consistent with one-electron oxidation of the sgbstrate and
and proton loss to generate initially the monoprotonated radicé\ho""ecI t.he.decay Oﬂ?Q O‘mf’lx 480 nm) and formation of the
(i.e RSSH) which may undergo further proton loss to give thedurosemiquinone radical anion, DQAna 440 nm). In the
cyclic disulfide radical anion (RSS This is confirmed by the eaction ofDQ with LA the DQ radical yield is lower than in
results of experiments in which,O replaced bD in the th_e case of DHLA. The product spectra from reactlo_?m‘@
solvent. The k(bD)/k(D,O) ratio for the reaction 6DQ with ~ With DHLA were stable on the tens of microseconds timescale,
LA has a value (Table) dfll indicative of a simple electron Whilst those from reaction with LA decayed with a lifetime of
transfer without the involvement of a proton or hydrogen atom@PProximately 15us. This is insufficient to account for the
In contrast the reactioDQ with DHLA at pH 5.2 (involving ~ !ower yield of the DQ absorption and suggests that relatively
exclusively the undeprotonated form) has a JK{k(D,0) efficient back electron transfer occurs from within the geminate
ratio of (2 clearly indicating the involvement of a proton in the (PQ :RSS) radical ion pair. In the spectrum obtained atss
reaction mechanism. The activation energies for reaction cfter reaction of'DQ with LA there appeared to be an
DQ with LA and DHLA are 10.% 0.7 and 4.2 1.5 kJ mot addltlor)al component unde_rlylng the spectrum Of‘[BQCFIbed
respectively. These small values are expected for reactiori the lipoamide radical cation (RSS Scheme 1) which has a
whose rates approach the diffusion-controlled limit. The Tabl&nore intense and )broader spectrum than, 0t which is also
shows that the slower reaction #Q with DHLA, whilst ~ centred at 440 nrit”

having a lower experimental energy and enthalpy of activation,

has a considerably more negative entropy of activation than the

reaction of’DQ with LA. This entropic control of the slower

reaction ofDQ with DHLA is to be anticipated for a reaction in

which both a proton and electron are removed from the

reductant, and in which the transition state may be ordered to

TABLE
Dihydrolipoic acid Lipoamide
k. , dm? molt st (1.13+0.08) x 18 (pH 5.2) (4.720.08) x 18
k(H,0) / k(D,O) 1.97+0.23 0.972+0.021
Activation Energy* AE, 42+15 10.1+ 0.7
Enthalpy of Activation* AH* 17+15 7607
Entropy of Activation*, AS' 62+2 341

*|n units of kJ mol™
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Figure 2. Time-resolved resonance Raman spectra measured from acetonitrile/water (50:50 v/v) solutions of duroquinone
(5 mmol dm-3) with lipoamide (2 mmol dm-3) buffered to pH 7.7 with phosphate (10 mmol dm-3). Delays between the pump
(355 nm) and probe (440 nm) laser pulses were 5 ns (A); 25 ns (B); 50 ns (C); and 100 ns (D). Background solvent spectra
(measured using only the probe pulse) have been subtracted. INSET: Intensity of the durosemiquinone radical anion peak at
1613 cnt* as a function of delay time between pump and probe pulses.

Resonance Raman spectroscopy was also used to investigate taeetonitrile) bands are indicated by an asterisk. The strongest
reaction betweeADQ and LA.°DQ was formed by a 355 nm peak in the lipoamide disulfide radical cation spectrum at
pump laser pulse and the Raman spectrum of reactioB98 cmtis assigned to the S-S stretching mode, which in lipoic
intermediates probed after a variable time delay by a secoratid in methanol solution occufd # at 504 cnt . The
laser pulse at 440 nm, chosen to be in resonance with both thecrease in vibrational frequency upon oxidation of the disulfide
durosemiquinone radical anion and the lipoamide radical catioto the radical cation is consistent with the formation of the
(RSS") absorption spectra. Figure 2 shows resonance Ramatronger three electron bond in the radical resulting from
spectra in which théDQ bands at 1548 chand 448 cnil interaction of the singly occupied orbital on the sulfur atom
decay with increasing time delay (from 5 to 100 ns) betweemepresenting the primary site of oxidation and an lone pair of
pump and probe pulses and the concomitant formation 6f DQelectrons on the other sulfur atdin'®. This contrasts with the
bands at 469, 570, 1470 and 1613'cnThe latter two bands situation in the disulfide radical anions such as (SCNP

are assigned to the C-O and C=C stretching vibrationsvhich the additional odd electron occupies*eorbital causing
respectively of the durosemiquinone radical afin The time  considerable weakening of the S-S bond and a reduction in the
course of formation of the DQband at 1613 crh(Inset to  vibrational frequency of the S-S bdAdfrom 490 cni in
figure 2) shows that the peak intensity is reached at 200 ns, a§CN), to 218 crt in (SCN)". There appear to be no
like the transient absorption spectra indicates that the productiscernible bands in figure 3 attributable to the C-S stretches in
decay over a period of microseconds. the region of 700 cfh although in the Raman spectra of lipoic
acid and lipoamide these are less intense than the S-S*hand
2 The band at 1191 chis believed to be the first overtone of
the S-S stretching vibration at 598 tm Series of overtones
have been observed in the spectra of (STMNhd dihalide

Gadicals?®. At present it is not possible to unambiguously

Inspection of the TRspectrum in figure 2 at a time delay of
100 ns (trace D) shows &aulder on the higher wavenumber
side of the 570 crh band which cannot be ascribed to the
durosemiquinone radical. In order to observe possibl

contributions from the LA disulfide radical cation, the TR .
spectrum of DQ (obtained from reaction dDQ with sodium %zS'ggntgfew:ﬁ egin?os Etelogvitﬁ;:rqu_esncg egzd?r?gar:g o?:liz b:: alkyl
ascorbate under identical conditions - the ascorbate radical does

not absorb at 440 nm and has not been observed By T Xpansions pertaining to deformations of the C-C framework.
spectroscopy” ) was subtracted from the YRpectrum from

reaction of °DQ with lipoamide. The resulting expanded A full account of this work hascently beepublished?®.
spectrum in Figure 3 reveals peaks at 298, 326, 598 and

1191 cm' . These are assigned to the lipoamide disulfide

radical cation. Artifact peaks due to poor subtraction of solvent
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Figure 3. Time-resolved resonance Raman spectrum of the lipoamide disulfide radical cation, obtained as the differendebetween
TR3 spectra obtained from reaction of triplet duroquinone with lipoamide and ascorbate. Both of the latter spectra wdrenithtaine

1 ms delay between pump (355 nm) and probe (440 nm) pulses and are shown after subtraction of the solvent (probe-only) spectra

Marked bands in the difference spectrum represent either real spectral components ascribed to the lipoamide disulfidiemadical ¢

marked (#), or artefact bands, marked (*), which are due to slight band intensity mismatch of solvent bands betweentéte subtrac

spectra.
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Irradiation of DNA with 193 nm light yields damage mainly at Guanine as detected
by Excision Enzymes
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Introduction Results

Exposure of DNA to ionising radiation results in chemical Aqueous solutions of plasmid DNA were irradiated with
modifications caused by two different processes i) directt93 nm light, then assayed for yields of strand breakage, before
ionisation of the DNA molecule, the direct effect, and ii) and after treatment with either Fpg, Nth or T4 endo V (for full
damage from radical species produced in the vicinity of thexperimental details see ref. 5,9). The dependence on fluence
DNA, the scavengeable (indirect) effect. The advent of shorbf the cc DNA fraction of plasmid DNA in an aqueous solution

wave ultraviolet lasers has enabled the study of the dire‘%fontaining 1mmol di® sodium perchlorate, under oxic and
ionisation processes without the interaction of the ionisationynqyic conditions, irradiated with 193 nm light followed by post
products of water. Photoionisation of aqueous solutions Oéxposure treatment with Nth and T4 endo V is linear. The
DNA with 193 nm laser light results in the formation of a gyantum yields of 193 nm light induced damage excised by the
photoejected electron via a monophotonic protesthe DNA  cnzymes ‘are shown in the table 1. The yield of Fpg sensitive
radicals formed by photoionisation are proposed precursors ‘%famage, measured as ssb, is ~20 times that for prompt ssb in
low yields of single strand breaks (sg)‘?)‘Vh'Ch we have  plasmid DNA irradiated with 193 nm light. Lower yields of
confirmed using Rayleigh light scattering expenmerﬁs. damage, representing ~5x the yield of prompt ssb, are excised
Further, migration of the electron loss centres to guanine haI§y Nth from the plasmid DNA irradiated with 193 nm light.
been demonstrated thereby enriching the yield of guaninghys much larger yields of base modification than frank ssb
radicals. Radical product(s) formed at guanine are indeed th@suit from base radical cations. The yield of
precursor(s) of strand breakage which occurs in yields of lessycioputylpyrimidine dimers induced by irradiation of plasmid

than 1% of the photoionisation evefts! Since, the majority pNA with 193 nm light and excised by theicrococcus UV
of the damage, produced from photoionisation of DNA, is not

prompt single strand breakage, the question arises as to whetl
base modifications are the major damages.

onuclease, was previously determined to be 1.65%in0
air saturated solutior’s? This yield of photodimers is slightly
greater than reported here using T4 endo V (see table 1).

A method for quantitative determination of the base

modifications formed within plasmid DNA was employed using

enzymes which are selective for different damage sites arid damagelelectrons Quantum yields?10
create a single strand breakage at the site of the damage.
Damage identified from formation of the guanine radical catio air argon

induced by 193 nm light in DNA includes (i), frank single

strand breakage (ssb, (ii) alkali labile ssB and (iii) 8-oxo- | Photo-electrons 860

7,8-dihydroguanin®. Recently,193 nm irradiation of plasmid prompt ssb 15 0.9

DNA has been demonstrated to cause damage, which is excided

by Esgherichia coli formamidopyrimidine-DNA glycosylase | Fpg excised damage 33.1 23.8
5 . - P

(Fpg)” an enzyme known to excise oxidised purine Nih excised damage 73 62

modifications, including 8-oxo-7,8-dihydroguanine and 2,6-
diamino-4- hydroxy-5-formamidopyrimidine (FapyGua), and it| T4 endo V excised damagde 55 8.2
additionally has ap,d-lyase activity that nicks DNA at
apurinic/apyrimidic (AP sites). The present study was done to
determine whether damage, caused by exposure of DNA to
193 nm light, is targeted specifically at guanine, or whether
other nucleic acid bases are damaged by photo-processes or
photo-ionisation events. The yields and the base specificity fofhe base sequence specificity of the enzyme sensitive sites
damage excised by Fpdgscherichia coli endonuclease 1l induced by 193 nm light was determined using Fpg, Nth and T4
(Nth), andbacteriophage T4 endonuclease V (T4 endo V) were endo V. An aqueous solution containing a%-end labelled
investigated. Nth is known to excise oxidised pyrimidinerestriction cut fragment of double stranded DNA, of known
damage$? whereas T4 endo V is known to excise pyrimidine sequence, was irradiated with 193nm light (for conditions see
photodimer€) which may be induced by ionisation and photo-ref. 2). The base specificities of ssb (lane i) and enzyme-
processes of DNA. Excision enzymes have proved useful tooisiduced ssb (lanes ii-iv) induced in DNA by 193nm light are
for the determination of both the yield and the nucleic acid basshown in the Figure. The enzyme -induced ssb were introduced
specificity for various damaging agents, since the site of nucleiafter incubation of the 193nm irradiated DNA with Fpg (lane
acid base damage is revealed as a gap/ssb. The purpose of ihjsNth (lane iii) and T4 endo V (lane iv) as shown in the
study is to identify whether nucleic acid base damage occurs &igure. Lanes v and vi show the Maxam Gilbert cleavage
specific ‘hot spots’ in DNA as a result of the ‘direct’ effects of sequence for G/A and C respectively. Treatment of un-irradiate
ionising radiation, such gsradiation DNA with these proteins does not result in the formation of ssb.
As shown previousl¥, 193 nm irradiation of DNA results in
prompt ssb exclusively at the guanine moieties (lane i) but the
distribution of ssb is not the same for all the guanines, reflecting

Table 1 Quantum yields of damage by exposure of pUC-18
plasmid DNA to 193 nm light
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an inflence of local structure. Damage excised by Fpg proteisequence dependence on the yield of 193 nm light induced
yields a gap (single-strand break) in the duplex (lane ii}damage excised at guanine by Nth follows a similar trend as
exclusively at guanine. The relative yields of damage excisethat for the prompt ssb, Fpg damage and hot alkali labile
by Fpg compared with that cleaved by the hot piperidinedamage. It is therefore suggested that the damage precursor is
treatment are very similar. The amount of damage of guanineommon, and most likely a guanine radical cafion.

in the form of prompt ssb, hot alkali labile damage and Fp
excision damage is greatest for neighbouring guanine residu

unless this duplex has a 3’ thymine residue. The distribution ; . : .
damages as ssb at guanine is non-random with a dependenceséar'inp.les |n_|ane i (prompt ssb), consistent with prompt ssb at_the
uanine site. Also fragments of lengths consistent with

neighbouring base sequence which is similar for both Fp%eavage of damage sites at thymine residues were observed

sensitive sites and hot alkali labile sites. The absolute quanti ) s
of hot alkali sensitive lesions, compared with that for Fpg -€. figure 1, label ¢, within _the sequence GGTTTC, two bands
are detected, from two thymine dimer products).

sensitive lesions is lower.

§1e sample treated with T4 endo V (figure 1, lane iv) contains
agments with a similar electrophoretic mobility as that for the

In summary, irradiation of DNA with 193 nm light results in
damage, which is localised predominantly at guanine; the yield
of photo-damage such as pyrimidine dimers is relatively minor
at this wavelength. The formation of prompt ssb is only a
, minor process compared with that for base damage formation.
| W v v v Photoionisation of DNA yields radical cations of all the nucleic
E_RE™T acid bases, the subsequent migration to the most easily oxidised
base, guaning'? occurs and results in ‘targeted’ damage at this
- site. The findings indicate that a common precursor to the
=" i damage is involved reflecting the similarity in the sequence
s distribution of the damage. These results indicate that damage
at guanine and the sequence dependent yields are a signature for
direct ionisation, which is a major component of the damaging
effect of exposure to cellular systems to ionising radiation.
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A Study of Upconversion Emission from Er(3+) Co-doped with Yb(3+) into

Sol-Gel Silica Glasses Under Infrared Excitation
R Withnall, A Newport, P Riby, A Vecht.

School of Chemical and Life Sciences, University of Greenwich, Wellington Street, Woolwich, London SE18 6PF

Introduction Results

There is purrently a great deal of interest in sol-gel gla.sseﬁlfrared laser lightX = 974 nm) was focused on to polished
doped with lanthanon ions ebause they have potential g5mples down to a spot size of cay®0 diameter (laser power

applications ranging from solid-state lasers to electronicat sample = ca. 50 mW) and visible luminescence was collected
displays. Indeed there is currently a need for these materials a8 90 to the exciting laser beam. The collected light was

specific glasses in optoelectronic communication as well as folrmaged on to the entrance slit (slit width = 200) of a Spex

novel real time 3D displays and a range of security inks. | . . . .
order for infrared radiation to be converted into visible light byr1877 Triplemate ~spectrometer equipped with holographic

the phosphor, two-photon absorption must take place. This caqg‘tingis g)laze?r at Sé)ot nrtn ranc;iNaVPIrinncettg)n dI?G&? igte:‘/?iﬂﬁd
happen if the lanthanon ion dopant possesses an energy lepg|otodiode array - detector. aveleng Sperse sibie

: . : o+ +
which is above the ground state by an amount of energy equSF"SS'O” was detect(_ed with this set-up only fof E'lnd .Ya
to that of an infrared quantum and a second energy level Whic(ﬁo'dOped glasses which had been subjected to fluoridization (by
. 0 o
is above the ground state by twice this amount. Visible light iéreatment with 45% aqueous HF), as can be seen in figures 2, 3

emitted when the ion relaxes radiatively from the second ener da fO( the red, green and blge regions respeptlvely. This can
level down to the ground state. e explained by the decrease in phonon energies of the sol-gel

matrices upon partial conversion of the oxide to a fluoride, thus
The EF* ion has such a distribution of energy levels, and hasncreasing the luminescence yield relative to non-radiative
thus been chosen as the luminescer in these studies. ¥he Eprocesses.

ion has a valence electron configuration df 4faving a*l;s;

: : +

ground state and low-lying excited states’iafs, ‘11 ‘oo Optlmu_m concentrations of Yband Ef* were _found_ to be

b 4 2 4 2 - y approximately 0.85 and 0.13 mole % respectively in order to

Forz *Sazr 2Hua , *Fz and®Hg, as shown in figure . The o7 ; ) ) '

2 A 4S5 Mg and*Fap - %Iy, transitions give maximise the.lumlnescence: yield. ngher concentrations of
o2 1520 =32 Er result in concentration quenching of the emission.

rExposure of the fluoridized samples to the infrared laser beam

: . S - 2 ..~ resulted in prompt red, green and blue emissions with the green
upconversion efficiency of this visible emission by optlmlsmgand blue emissions growing stronger over a period of some

theel' ;ﬁgpoﬂgggsa?ﬁefégpﬂfgﬁ Ct%lc::IEZfoi?cc))p(tagelsec::lt-roniminmes‘ Furthermore, the green and blue emissions were
9 9 ! y 9 P gtronger relative to the red at high power densities.

respectively 2. We are interested in maximising the

devices.
4
- Fr2
207 2Husz
S372 T
ol 4Fas2 z
£ 5
< c
-~ 4 E
= lar2
- ZF-
- 3/2 41
& 104 — /2
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Figure 2. Spectrum of the red emission corresponding to the
. . *Fgn — Y15, transition.
F7/2 1[5/2
0- L
Yb 3+ Er3+

Figure 1. Low-lying energy levels of Erand YG".

The green upconversion emission froni'Eons doped into sol-
gel silica glasses has recently been studied using red Aight (
647.1 nm) excitation from a krypton ion laser which excites the
Er* ion into its*Fy;, level 2. However commercial application
of these phosphors would benefit greatly if the excitation could
be provided by an infrared diode laser, thus it is important to
study the visible upconversion luminescence under infrared
excitation. As the absorption cross-section of'the, — *li1p e e e e
transition is smaller than that with red lightg, — “Fg2), Yb*' wavelength/ nm

has been co-doped into the samples so as to act as sensitiser. Figure 3. Spectrum of the green emission corresponding to the

The EF* and YB* co-doped sol-gel silica glass samples have *Saz - *lg, transition.
been prepared by the phosphors group at the University of

Greenwich using a modified literature procedute The

infrared light excitation was provided by a 3900 Ti: sapphire

laser pumped by a Millennia Nd:YAG laser (Spectra-Physics).

intensity —
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In conclusion, these measurements have enabled us to compare
the efficiencies of the upconversion phosphor-doped sol-gel
silica glasses which have been synthesised so far at the
University of Greenwich. The effects of varying the
concentrations of the lanthanon ion dopants and the extent of

T fluoridization of the matrix have been determined.
2z
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Figure 4. Spectrum of the blue emission corresponding to the
2Hg, — “l1sptransition.

These observations may be explained by a saturation of the
‘1152 - Yl transition at high power densities. This is also
consistent with the observed photon dependence of the
emission. A plot of log(emission intensity) versus
log(excitation power) for the green emission gives a straight
line with a slope of 1.1% 0.05 (see figure 5) rather than a value
of ca. 2 which is expected for a biphotonic process. Similar
values are also measured for the slopes of the lines obtained for
the red and blue emissions. The value of the slope of the line
for the green emission increases to 1#68.05 (see figure 6)
when the incident light flux is reduced by ca® b® removing

the focusing lens, thereby avoiding saturation.
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4.0+ “’.
= L J
2 .
c
% 3.5+
S ° u
8 304 |
5 [
j=2)
9 254 ™
20

T T T 1
1.0 12 14 16 18

log (incident power /mW)

Figure 5. Intensity dependence of the 410 (squares), 550
(circles) and 660 nm (diamonds) bands.
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Figure 6. Intensity dependence of the 550 nm band at high
incident light flux (solid circles) and low incident flux (open
circles).
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Investigation of the DNA damage action spectra using laser-plasma generated
monochromatic VUV photons

M Folkard, K M Prise.
Gray Laboratory Cancer Research Trust, PO Box 100, Mount Vernon Hospital, Northwood, Middx, HA6 2JR

W Shaikh, | CE Turcu.
CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon., OX11 OQX

Introduction the loss of supercoiled DNA, and the formation of linear DNA,

One of the fundamental aims of radiation biology is to develogt iS Possible to estimate the fraction of single-strand and
a complete mechanistic description of the processes arféPuble-strand breaks produced.

subsequent biological effects that follow the initial energyyacyum-UV radiation is generated using a pulsed laser, focused
deposition by ionizing radiation. Radiations can produce &p to a copper target to generate a plasma that emits a broad
variety of damage within the DNA helix. Of these, gpectrum of photons from a few eV, to a few hundred
double-strand breaks (where both strands of the helix argy 1 A concave holographic grating is used to select photons
broken within a few base pairs) can lead to lasting damage Vig appropriate energy at the sample position. The input and exit
the production of mutations, chromosome aberrations, genetits to the grating are opened fully, to maximize the intensity,
changes and ultimately cell killing. In this study, we havegng the area available for exposure of the sample. As a

developed techniques for irradiating dry plasmid DNA usingconsequence, the energy bandwidth (10%) is poor, but is
monochromatic vacuum-UV' radiation in the energy range;cceptable for this study.

7-25 eV. Using gel electrophoresis, it possible to quantify the

yield of single-strand and double-strand breaks induced in thBelow 11.5eV, a LiF window is used to block second order

DNA sample following exposure to the radiation. Throughradiation from the plasma and to protect the monochromator
these studies, we can establish the ‘action spectra’ for tiggating from debris generated by the plasma. Initial problems
induction of single-strand and double-strand breaks as were experienced due to the LiF window rapidly coating (with

function of energy. The vacuum-UV energy region is andebris) and attenuating the beam. This was resolved by flushing
important region to study for several reasons: It is known thahe chamber with near-atmospheric helium gas, which is
the most frequent local energy depositions in the DNA helixcompletely transmitting below about 22eV. Above 11.5eV, the

(i.e. by individual, or clusters of ionizations) are on the order oLiF window was removed. The dose-rate was seen to diminish
a few tens of electron volts, and that sparsely-ionizingwith increasing energy from 12eV to 20eV. This was believed

radiations produce very few energy depositions >200 eV. Alsdio be due to the grating not being completely clean, which is
for some theoretical studies it is assumed that the minimurfore detrimental at higher energies.

energies required to produce single-strand and double-strarfqasmid DNA is spread as a drv monolaver. over a 5mm sauare
breaks are about 17 eV and 50 eV respectively, although thect-ﬁea of a glass (F:)overslip. Thi)é is plac)e/d ’in the vacuumq and

is little experimental evidence to support this. Some data h 4 :
. : xposed to a range of doses, up t&* photons/crh (typically,
been acquired by the Gray Laboratory Group using vacuum-U hirs) takes about gminutes). Th: dos’«)ehto the DN(A)\/Fi)s esilimated

F[))g?g;rt])sur;rl(_)zrﬂ)o:gforf Sgt\gl aecI(?Sitrrgg ss);g(r:r;?g:;]%lt r?;[ucﬁl_ISV(v:éJrsmg a NIST-calibrated silicon photodiode, located at the
energy thresholds for strand-break induction than had be ample position prior to an exposure. At the time, no monitoring

assumed previous| etector was installed, therefore the diode was used to measure
P Y- the dose-rate, and exposures to the DNA were given as timed
Increasingly, the emphasis of synchrotron facilities worldwideirradiations.

IS towards higher photon energies, qnd the vacuu'm-UV.pIastner all the samples are exposed, gel electrophoresis is used to
light source represents the only viable alternative with the

tilit ired for th . ts. A th K ._ascertain the induction of DNA single-strand breaks and
versalllity required for these experiments. A ree Week peroq . o strand breaks formed. In the available period of time,
was allocated in which to undertake a feasibility study to see

the Rutherford Laboratory vacuum-UV light source can be use 0 energies were studied: 9eV and 15eV.
for this work. During this period, we were successful ingeq)its

demonstrating that the VUV plasma light source facility can bel_h | f thi limi . hiahl
used to quantify the action of radiation on DNA in terms of the, e results of this preliminary experiment were highly
vorable; demonstrating that outputs of at least

amount of energy deposited at the site of damage, witlf ;5 ) . .
particular emphasis on low-energy depositions below 25 eV. o . photons/s/cﬁmt 10% bangIW|dth could be achieved. This is
sufficient for a range of experiments.

Methods A dose-effect was clearly seen at 9eV and at 15eV, but could
For these experiments, we will utilize model plasmid DNA not be reliably quantified as it was not possible to determine the
systems where we can easily quantify both single- and doublelose delivered precisely without either a stable dose-rate or a
strand breaks. Undamaged plasmid DNA exists as a closed lo@@se-monitoring arrangement.

of double-stranded DNA in a so-called 'supercoiled' condition.

If one, or more single-strand breaks are produced (i.e. bRReference

ionizing radiation), the molecular topology relaxes to ani. Stuik - Facility Annual Report 1997-1998 Rutherford

‘open-circular' form. If a double-strand break is produced, then  Appleton Laboratory Investigation of the DNA damage
the DNA assumes a 'linear’ form. The fraction of supercoiled,  action spectra using laser-plasma generated

open-circular and linear forms of DNA are readily quantified monochromatic VUV photons.
using established gel-electrophoresis techniques. By measuring
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Evaluation of a novel front end amplification technique for Vulcan

J Collier, C Hernandez-Gomez, | Ross, P M atousek, C Danson, J Walczak.
CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon., OX11 0QX. Email j.collier @rl.ac.uk

Introduction

Recently, a novel amplification technique for ultra short pulses
has been proposed and explored in detail in a theoretical paper
by Ross et al Y. The technique, based on non-linear optics, is
known as Optical Parametric Chirped Pulse Amplification
(OPCPA). It has a number of features that, in principle, make it
highly attractive. Primarily it offers extremely large gains
simultaneously with extremely large bandwidths. Additional
attractions are virtually no spatial and temporal phase distortion
of the amplified pulse, reduced amplified spontaneous emission
levels (equivalent), small opticd material lengths and an
inherent simplicity of implementation. In this paper we present
an evaluation of the technique as a front end amplifier for the
ultra short pulse amplification chain of the Vulcan system. Such
a system could replace the existing amplification in Nd:glass
(phosphate) and additionally have a wider impact as direct
replacement of regenerative amplifiers on large scale CPA
facilities.

The OPCPA Technique

An ultra short pulse is stretched in time by applying a large
dispersion to it. This results in a chirped pulse, with the
different frequency components present in the pulse distributed
in time. This pulse, termed the seed pulse, is then amplified
through optical parametric amplification where energy from a
narrowband pump pulse is transferred to the seed pulse through
the direct coupling of these fields in anon linear optical crystal.
In the process of amplification, a third field is necessarily
generated, known as the idler field, to conserve photon energy
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and momentum. In order to efficiently transfer energy between
the pump and signal/ idler fields, all frequencies must propagate
through the crystal at equal speed, a condition known as the
phase matched condition. The natural dispersion of the crystal
would normally prevent this process from occurring but by
exploiting the birefringence that most crystals exhibit it is
possible to achieve phase matching by choosing appropriate
polarization and propagation directions. In the completely phase
matched case with gains greater than about 10, the process gain
G isgiven by equation (1)

G=¢"" )

where k is a gain coefficient that depends on the crystal used
and the optica frequenciesinvolved and | isthe pump intensity.
For reasonable pump intensities and BBO or LBO crystals,
gains of the order 10° to 107 are feasible. Furthermore, by
appropriate choice of crystal and geometry it is possible to
achieve the phase matched condition simultaneously over a very
large range of seed/ idler frequencies. The high gains and broad
bandwidths thus make it an excellent amplification process for
ultra short pulses.

System Description

The experimental configuration for the OPCPA scheme is
shown in figure 1. There are four main elements- an oscillator,
stretcher, the OPA and a set of diagnostics. The seed pulse is
generated by a commercial Kerr Lens modelocked oscillator ?
using Ti:Sapphire as the active medium. It produces an
80 MHz pulse train of 5 nJ, 120 fs pulses of which one is used.
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Figure 1. OPCPA Schematic
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The pulse has FWHM bandwidth of 15 nm centred at
1053 nm. This pulse is stretched in time using the Vulcan
system stretcher. This is a telescopic stretcher which is formed
by a pair of 1740 lines'mm diffraction gratings separated by a
confocal telescope. The telescope produces an effective
grating separation of 3.5 m, which, when operated at 72.9°
incidence angle produces a group velocity dispersion of
approximately 150 ps/nm. In the process of being stretched the
pulse suffers a hard spectra clip by one of the stretcher lenses
which causes a reduction in bandwidth to 6 nm resulting in a
900 ps stretched pulse duration. This limitation in bandwidth
does not represent a problem for its normal use in the Vulcan
laser system due to substantial gain narrowing, but it does place
a limitation on this evaluation of the OPCPA technique. A
Faraday rotator is placed at the output of the stretcher in order
to isolate the OPCPA amplifier from the oscillator. The overall
oscillator to OPCPA energy transmission efficiency is 10 %
resulting in 0.4 nJ seed pul ses.

The OPCPA amplifier was designed to operate with two
individual amplification stages as shown in figure 1. The
maximum individual stage gain is ultimately limited by fluence
damage threshold of the mirrors and other optics to
approximately 10*. The implication of this is that in order to
obtain gain saturation using a modest Nd:YAG laser, either two
stages or a double pass configuration are required. Two stages
were chosen for simplicity and versatility. The two stages have
dlightly different configurations. The seed and pump beams are
co-linear in the first stage and non co-linear in the second stage.

The pump pulses are generated by a commercial Q-switched
Single Longitudina Mode (SLM) seeded Nd:Y AG operating at
532 nm 2. It produces a 15 Hz pulse train of 250 mJ -5.9 ns
pulses. The output of Nd:YAG pump laser is split using a
combination of waveplates and polarisers to produce the pump
pulses for the two stages. The SLM cavity is required to ensure
a smooth pulse profile in time, because any temporal
modulations in the pump beam will trandate into spectra
modulations in the amplified signa due to the chirped nature of
the seed. The pump and seed pulses are synchronised in time
using a SRS delay unit. The beam path of the pump and seed
beams is such to ensure suitable tempora overlap in both
crystals.

The pump beam is collimated in the first stage using a 3.3
demagnification telescope, which transports the spatialy flat
near field at the output of the Nd:YAG laser onto the first
crystal. The near field diameter is 1.9 mm and the maximum
pump pulse energy in is 60 mJ, which results in a 2.1 Jcn?
fluence and a 300 MW/cm? maximum pump intensity for the
5.9 ns pump pulses. In the second stage the pump beam is aso
demagnified by a 3.3 telescope. However, in this case the inter
lens separation of the telescope is slightly smaller, which results
in the pump beam being dlightly converging onto the crystal,
the pump beam is characterised by more of a Gaussian shape
dthough is not operated quite in the farfield. The pump beam
diameter is 1.3 mm FWHM. The pump pulse has a 52 mJ
maximum energy, a 3.9 Jem? fluence and thus a 650 MW/cm?
maximum intensity. The pump is vertically polarized.

The seed is injected using a 2.5 demagnification telescope
adjusted such that the seed is operated in the far field in the first
crystal. By placing a 15 cm focal lens between the stages it
ensures that the seed is also operated at the far field in the
second stage. The seed has a Gaussian type spatial shape with a
FWHM diameter of 0.35 mm in both stages. The seed beam is
horizontally polarised and is injected through the back of the
final pump steering mirror as shown in figure 1. Near field
profiles are shown in figure 2.

In both stages the crystals used were BBO because of their high
non linear coefficient. This means, however, that there is a
significant walk off between the pump and seed beams and a

CLF Annua Report 1997/98

relatively low angular acceptance for the process. Both crystals
were 15 m long and have a 7 mm x 7 mm cross sectional area.
The crystals were mounted inside temperature controlled ovens
and phase matching was achieved by angle tuning.

Seed

Pump St. 1

Pump St. 2

Figure 2. Near Field Profiles

In the first stage the pump is spatially large in comparison to the
seed and thus by suitable choice of the position of the seed with
respect to the pump one can compensate for the effect of the
3.2 degrees internal walk off angle. This ensures that the seed
beam aways lies spatialy within the pump beam and thus
interacts with it over the full length of the crystal. In the second
stage the seed and pump have a comparable size and certainly
the seed would walk outside the pump diameter. The reduction
in pump diameter was necessary to provide a sufficient intensity
increase to achieve saturation. This could not be achieved by
increasing the pump energy due to air breakdown in the relay
telescope. To partialy compensate for the walkoff the pump
and seed beams were thus set non co-linear with a 1.2° internal
included angle in order to increase the gain length.

Gain M easurement

The energy gain of the system was measured using a
combination of afast photodiode and suitably calibrated neutral
density filters. To ensure that no spatial integration occurred the
measurements were conducted in a magnified image plane of
the relevant crystal surface. This meant that the small active
area of the photodiode only recorded the gain in the very centre
of the seed pulse. The gains for each individual stage as a
function of absolute pump intensity are shown in figure 3 and
that of the combined stages in figure 4. Each point is the
average of 64 pump laser shots With a maximum absolute
intensity of 350 MW cm® for Stage 1 the observed gain was
approximately 2400 and for Stage 2 with a maximum intensity
of 650 MW cm the observed gain was approximately 8000.
Also plotted on figure 3 is the gain that could be expected on
the basis of equation (1) for these intensities.

It is clear from figure 3 that the more efficient stage
configuration was that of Stage 1, despite having a lower
absolute gain at the peak intensity available to it. Stage 1 was
configured with a pump that was collimated with a flat spatial
intensity profile and such that the effects of walkoff were
negligible. The stage was co-linear and operated close to
degeneracy which means that both the signal and idler fields
will walk off from the pump field at equal rates. However, the
pump beam size was appreciably larger than the signal / idler
size and furthermore appreciably larger than the distance that
the seed / idler field would walk off. Thus, the signal / idler
field aways saw a constant intensity over the whole crystal
length despite the walk off. It is therefore unsurprising that
there is also a good agreement between the measured gain and
that predicted by Equation 1. The penalty for this configuration
is that the intensity ( and thus the gain ) is limited to a
maximum of 350 MWcm2,



The situation for Stage 2 is more complex. The gain efficiency
of the stage is somewhat reduced with respect to Stage 1 and
furthermore there is a substantia disagreement between the
values measured and those predicted by equation (1). The
reason for thisis subtle. Equation (1) assumes that the intensity
of the pump field is spatially constant. This is not true in Stage
2 because the effects of walkoff are not negligible. The pump
beam has a Gaussian type shape with a FWHM diameter that is
not only comparable to that of the seed/ idler size but also
comparable to the walkoff distance for the seed. The

Individual Stage Gains

8000 Stage 2
= Stagel
—— Equation 1

100 200 300 400 500 600 700

Pump Intensity MW/ cm~2]

Figure 3. Individual Stage Gains

assumption therefore that the intensity is constant over the
length of the crystdl is clearly not valid. Furthermore, because
the stage is configured to be non co-linear the effective walkoff
for the signal occurs at a different rate to that of the idler. This
walkoff of both the signal and the idler at different rates, taken
in conjunction with the non constant pump intensity, can be
considered to be a loss mechanism for the signal and the idler
which are not present in the first stage. An estimation of the
expected gain of Stage 2 is thus more complex and requires a
numerical analysis. We have performed such an analysis for the
specific configuration of Stage 2 which indicates that a
reduction in gain by a factor of 4 could be expected over that
predicted by equation (1) when operated at the highest pump
intensities available of 650 MWcm? consistent with
experimental observation.

One fina point is that the lack of the total collimation of the
pump beam in the second stage has only a small effect on the

Facility Developments - Vulcan

However, despite the relatively heavy saturation indicated by
figure 4 we did not observe any reconversion.

The average output pulse energy of the amplified seed pulse
measured under these saturated conditions is typically 0.33 mJ
per pulse. This represents an extraction efficiency of
approximately 0.6 % from the 50 mJ Stage 2 pump pulse. This
is relatively low but consistent with the expectations of this test
configuration for the OPCPA technique.

Dual Stage Gains
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Figure 4. Combined Stage Gains

Bandwidth M easur ement

The bandwidth of the OPCPA technique under the conditions in
this evaluation should be very large of the order 1200' cm
(120 nm) Y. The potential bandwidth of the process under
optimum conditions could be of the order 400000 nm).
However, as previously explained the bandwidth available in
the seed pulse was limited by the stretcher to 6 nm. Figure 6
illustrates the bandwidth gain of the system when operated with
these 6 nm seed pulses. Two points are evident. In the case of
no saturation (by attenuating the seed pulse) with a total gain of
2x10 there is virtually no difference between the seed and
amplified pulse bandwidth. The slight asymmetry arises from
the fact that the seed pulse is not exactly located at the centre of
the pump pulse in time. Because the seed pulse is chirped and

gain, despite possessing a spatially varying convergence that
can lie outside the acceptance angle of BBO. Thisis because the
overall gain of the process is low when compared to the gains A f\
(>10%®) needed for a process such as second harmonic

generation which is that generally that used in the measurement } / \
of the ‘acceptance angle’. / ( \

Figure 4 shows the gain of both stages as a function of Stage
pump intensity with Stage 1 operated at it maximum gain. At / \
higher intensities, a significant departure in overall gain is / \

observed over what could be expected on the basis of the gai
of the individual stages. At the highest Stage 2 intensity, g
maximum gain of ~2x10is measured when a gain of ~2%10
should be possible on the basis of the producted gains of th | 1 oy b
individual stages presented in figure 3. This difference arises
due to the saturation of Stage 2. Figure 5 which is the tempore Time (ns)
profile of a small spatial section of the pump beam imaged onto
the photodiode illustrates this saturation, with the almost total
depletion of the pump energy in the relevant time window. The
saturation of Stage 2 is desirable because this not only meaps,
that the system is extracting the maximum amount of energy.
possible but it also leads to an increase in stability as describ%
later. This is the primary reason why the stage was configure
with a smaller pump beam size because as explained earlier ttgg
was the only way to increase the intensity and thus gain to &
level that would saturate. In saturating Stage 2, one has to be
careful becauseinder these pump depletion conditions the
transfer of energy between pump and seed can be cyclic and
energy will start to flow back from the seed to the pump field.

Figure 5. Pump Saturation

gain is high this slight asymmetry in the temporal pump
nsity results in a slight spectral asymmetry in the amplified
ed pulse. However, in the case of saturation, with a gain of
1 the output spectral bandwidth is flat and slightly broader
would be expected.
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In order to examine the process when used with much higher
bandwidths, a test bandwidth was generated by directly
injecting the 100 fs output pulses from the seed oscillator into a
length of single mode optical fibre. The fibre length was
approximately 500 m. Strong self phase modulation occurred in
the first few metres of the fibre and resulted in an increase in
the FWHM spectral bandwidth of the seed pulses from 12 nm to
more than 50 nm. The remaining length of fibre served to
temporally stretch this bandwidth to approximetely 0.5 ns. The
output from this fibre was then injected as the seed pulse into
the OPCPA system. Figure 7 is the resultant measured gain
bandwidth of the system, however modified by the mirror
coatings and other optics. A gain of approximately 10° was
achieved across a bandwidth of more than 50 nm.

Figure 6. Pulse Bandwidth

Stability M easur ement

The shot to shot energy stability of the system was assessed by
recording relative energies of 2000 consecutive shots at a
number of different locations in the amplifier scheme using a
SRS Boxcar Amplifier and PC. The 2000 shots were then
histogramed and the results are displayed in figure 8. Four
histograms are shown. The relative output energies of Stage 1
and 2 when operated independently, the relative output energies
of Stage 1 and 2 when operated together and the relative output
energies of the pump laser inside a 1 ns window. Clearly, the
stability of the individual stagesis poor with more than 80 % of

High bandwidth spectra

Figure 7. Test Bandwidth

shots lying within approximately +25% of the mean. However,
when operated together the stability, which one would expect to
degrade on the basis of the independent measurement to
approximately +50%, markedly improves to approximately
+10%. This is a direct result of the relatively strong saturation
of Stage 2. In fact the stability of the system becomes
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ultimately limited by the stability of the pump laser inside the
equivalent 1 nswindows as also evident from figure 8.

Pulse Compression M easurement

The 6 nm pulse bandwidth illustrated in figure 6 was
compressed using a double pass compressor. The pulse length
was recorded using a single shot autocorrelator. The result is
shown in figure 9, illustrating a compressed pulse length of
approximately 1 ps. This is consistent with a Fourier transform
of the spectral shape illustrated in figure 6 demonstrating that
there is no disruption of the linear chirp through the OPCPA
process.

System Stability

Figure 8. Stability Data

Conclusion

We have demonstrated the OPCPA technique and have
achieved gains greater than 107 with no observable gain
narrowing over at least 50 nm at 1053 nm. We have achieved
saturated output energies of the order 1 mJ and demonstrated
energy stability of + 10%. We have compressed an OPCPA
amplified pulse to its transform limit. The feasibility of an
OPCPA system as an ultrabroad band front end pre-amplifier
for Vulcan has been established and a dedicated system is now
under construction.

Figure 9. Autocorrelation of Compressed Pulse
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Introduction

An investigation was carried out to select the optimum scheme
for frequency doubling the 1054 nm sub picosecond Vulcan
chirped pulse amplified (CPA) beam. Conversion efficiency
tests were initialy carried out on small aperture KDP (type 1)
crystals at a range of incident intensities up to 3 x10™* W/cm?
giving the optimum crystal thickness for pulses in the 0.3 to
3 psregion. The conversion efficiency and resultant focal spot
quality obtained using a large aperture 140 x 89 mm drive beam
and 4 mm thick type 1 crystal were measured. The effect of B-
integral on the frequency doubled beam quality was studied and
is shown not to be the dominant cause of the observed beam
break-up. During this experiment a frequency doubled beam
line was commissioned and delivered pulses of over 10 TW
onto target for an electron acceleration experimentl).

Background

Chirped Pulse Amplification ? has allowed major advances in
the study of ultra-high intensity interactions with matter.
Frequency doubling CPA laser systems offers a route to
investigate laser matter interactionsin anew regime. Interest in
using such a beam arises in a number of cases: production of
high harmonics, collisionaly excited soft X-ray lasers?,
electron accelerator experiments ¥ etc. The laser contrast can
have a substantial effect on the interaction physics involved, as
a poor contrast, particularly before the peak of the pulse, leads
to the beam interacting with a pre-formed plasma of large scale
lengths ®. In CPA systems the final contrast achieved on target
is usualy determined by one of three things: amplified
spontaneous emission (ASE), pre-pulses derived from the pulse
generator or pre-amplifier, or spectra clipping in the
compressor. Frequency doubling offers a potential method of
significantly improving contrast levels due to the non-linear
nature of the process. In this paper measurements of doubling
efficiency and focal beam quality will be presented.

Efficient frequency doubling of large aperture infrared beams at
an intensity of a few GWcm was described by Linford et al ©.
Intensities of few GWcm are typical at the output stages of a
glass laser system prior to recompression. It would therefore be
possible to efficiently frequency convert the beam prior to
compression. However, unfavorable scaling of the grating
damage threshold with wavelength severely constrains the final
pulse energy. The aternative scheme is to frequency double
after the compression gratings, which avoids this limitation and
is the approach adopted by the authors.

Type | KDP crystals, whose phase matching condition produces
amost equal group velocities for the fundamental and second
harmonic components were used. To ensure high contrast ratio
on the target it is essentiad to eliminate any unconverted
fundamental component in the final beam. Type | frequency
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conversion produces orthogonally polarised fundamental and
second harmonic components. These orthogonally polarised
components are relatively easy to separate using polarisation
sengitive reflective mirrors.

Doubling Efficiency

In order to determine the most appropriate crystal length and
operating intensity regime for the large aperture CPA beam, a
number of frequency doubling conversion efficiency
measurements were carried out on smal 25 mm diameter
aperture KDP crystals. The crystal lengths were 2 and 4 mm
and were operated at a range of incident intensities up to
300 GWem™. The incident infrared and converted green beam
energy was measured using absorption calorimeters. The data
is presented in figure 1. The majority of the data was obtained
using a 1 ps CPA pulse, although a number of points were
obtained using a2.5 ps YLF pulse. The data shows that a4 mm
crystal gives optimum conversion efficiency at an irradiance of
~150 GWem2 and the optimum conversion efficiency for a 2
mm thick crystal is at an intensity greater than 250 GWcm'.
Thelinesin the figure are fits to all of the conversion efficiency
data points using a power series expansion in IL% where | isthe
intensity and L the crystal thickness. Frequency doubling was
theoretically examined by Armstrong” where conversion
efficiency was shown to scale as a function of IL?2. However,

0.70 + Ay
5 0.60 | o
S 050 ;
@ "’+ DD
£ 040 { +.
>
g 030 |
k=) ) + 4 mm crystal
E 0.20 + K o 2 mm crystal
! | | 2mm+ YLF
0.10 ”" polynomial 2 mm fit
0.00 P e polynomial 4 mm fit
0 100 200 300

Intensity (GW/cm”2)

Figure 1. Second harmonic conversion efficiency for 2 and
4 mm thick KDP type 1 crystals as a function of 1054 nm pulse
intensity. The fits were generated from a single polynomial
(seetext) and scaled as crystal thickness squared to fit both sets
of data.
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when calculating the conversion efficiency, Armstrong did not
include the effects of the intensity dependent refractive index
change, as this effect was negligible in the range he considered.
In our measurements significant intensity dependent refractive
index changes are present and therefore preclude us from using
asimple fit to IL% Thus, a single polynomial function, C(I,L)
of theform

C([GWen],L[mmi) = 5 a(IL?)" @)

for both the 2 and 4 mm crystals at both pulse lengths is used.
The fitting coefficients have values of &=7.379 x 10
a=-2.804 x 10”7, a=4.489 x10™, &=-3.302 x 10" and
a=9.181 x 10%® and the fit applies in the range
5<IL?<50 GW.

This method of fitting allows us to extrapolate from the
measured data into parameter areas in crystal length and
intensity that were not directly measured. For example,
figure2, generated on the basis of the fits, explores the
possibilities of using the same and different crystals over a
variety of different pulse lengths for fluences that represent the
design range for the Vulcan compression gratings. It shows that
for the current laser system under normal operating fluences
with a 700 fs pulse a 2 mm crystal is the optimum choice.
However, there are significant problems associated with the
manufacture of a 2 mm thick crystal with an aperture of
sufficient size (150 mm x 90 mm) and of reasonable optical
quality. The thinnest commercial crystal available® at the time
was 4 mm manufactured with a circular aperture of 157 mm.
While not being optimum in terms of frequency doubling
efficiency this crystal was the closest match available and was
installed on the Vulcan system. A transmission interferogram
for this crystal is shown in figure 3. The crystal has a 100 mm
chord, which gives the fringe shift visible along the top of the
image. The A/6 @ 1053 nm wavefront distortion represents to
the best of our knowledge an unparalleled quality for such an
aperture thin crystal.

0.70
0.60
0.50
0.40
0.30
0.20
0.10

0.00 f f f |
0.00 1.00 2.00 3.00 4.00 (350mJcn2)

1mm cry-sial )
2 mm crystal
------ 4 mm crystal

Converson Effidency

0.00 1.00 2.00 (250 m¥cm2)

Pulse length ps

Full beam frequency doubling tests were carried out with this
crystal. Calorimeter measurements taken during full energy
laser shots demonstrated identica efficiencies to the 4 mm
small aperture data shown in figure 1 to within experimental
uncertainties. The second harmonic pulse length, measured,

using a second order autocorrelator was 0.68 + 0.1 ps when

using a 0.7 ps 1053 nm drive pulse.
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Figure 3. Interferogram of 157 mm diameter 4mm thick
KDP crystal.

Far Field Quality

Figure 4 illustrates the far field of the frequency doubled beam

a a low drive intensity of 0.1 GWcm? (and thus low
conversion) and figure 5 illustrates the far field at a high drive
intensity of 200 GWem™ The far field clearly degrades in the

high intensity case and fragments into a number of spots
distributed in the focal plane. Radial integration of this focal
plane distribution indicates that the frequency doubled beam
under the conditions of high fundamental intensity is ~5 times
diffraction limited. As a comparison, previous studies on the
fundamental beam have indicated that the beam is
approximately 2.5 times diffraction limited. The implication of

this result is that there is a significant amount of non-linear
phase accumulation, or B integral 2, in the frequency doubled
beam, arising both from an incident pump beam carrying a

B integral of 1 and the propagation of the coupled fields
through the crystal. To estimate the B integral in the frequency
doubled beam a simple stepwise numerical integration was
carried out!® using published values of the coefficient of non
linear refractive inde® 2 This indicated that the expected
value of B for the frequency doubled beam under these
conditions would be 2.1. Again, previous studies'® at 1053 nm
have indicated that typically a B greater than 14 is required to
produce a 5 times diffraction limited spot, and even under these
relatively high values of B no fragmentation occurs. It seems
unlikely therefore that B integral alone is responsible for the
break up of the second harmonic far field under these
conditions.

Discussion

The second harmonic conversion efficiency dependence on
intensity obtained here are generally in good agreement with the
measurements of Chien et'®lwho used a slightly shorter
500 fs pulse and 26 mm diameter KDP crystals. Chien et al
observed no degradation of focusability with type | frequency
doubling but did observe some degradation when using a pre-
delay scheme and type Il doubling. This is similar to the work
reported here, where it was only through measurement of the
~x5 larger beam (and hence more sensitive) frequency doubled
far-field that an observation of degradation of focusability was
made. In earlier work by Eckardt & Reinfi@st is interesting

to note the rapid spectral and temporal pulse break-up
introduced by using a crystal, which is thicker than optimal.
Their work clearly shows that significant reconversion occurs
primarily at the peak of the pulse leading to energy loss and
pulse distortion. It is interesting to speculate that in an



analogous fashion similar spatial and angular beam
perturbations may have been introduced in the present work
where the crystal used was thicker than optimum. If the beam
break up is due to this, a simple solution might be to slightly
detune the crystal delaying peak conversion to the end of the
crystal and hence avoiding significant reconversion effects.
Although detuning a crystal generally tends to lower the
maximum achievable conversion, in the present case where
B ~ 2 it should be possible to counterbal ance these effects.

Figure 4. Far-field intensity distribution of the frequency
doubled beam obtained at an incident fluence 0.1 GWcm™2

Figure 5. Far-field intensity distribution of the frequency
doubled beam obtained at an incident fluence onto the crystal
of 200 GWem.

Frequency doubling can be considered in an analogous manner
to optical parametric amplification as a process in which gain is
generated at the frequency doubled wavel ength. Phase matching
over a range of AK could potentialy produce ~5 times
diffraction limited beam size far-fields which would be in line
with the observed measurements. This effect would be more
observable for large diameter thin crystals asis the present case.
However, it is not clear why break-up in the far-field should be
observable.
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The change in the energy within the wings of the far-field as the
irradiance is increased could be due to driving the crystal at
saturation in the centre (causing reconversion) of the beam and
making the far-field significantly more sensitive to aberrations
at the edges of the beam. The far-field would therefore degrade
at higher drive irradiances where the effect would be dominant,
asit is known that beam quality is poorer in the periphery than
at the centre. An adaptive optic based compensation system is
presently under design and will be implemented prior to re-
testing the system.

Conclusion

Efficient frequency doubling of the large aperture Vulcan CPA
beam was demonstrated with pulses of over 10 TW being
delivered to target. Future work using a thinner 2 mm crystal
that is optimal for the sub ps Vulcan pulses is presently
underway. Break-up of the far-field was observed and it was
demonstrated that this is not entirely attributable to B-integral
effects. Additional work is underway to examine the cause of
the far-field degradation and it is hoped that the addition of
adaptive optic compensation to the drive beam will significantly
help in isolating the various contributions.
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Wavefront Analysis of the Vulcan Laser System
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Introduction

In the amplification of an ultra-short pulse the wavefront quality
is of fundamental importance because it is this that determines
the focusability of the beam and thus the on target intensity. The
focusability of the CPA beam line on the high power laser
Vulcan was characterised recently and found to be three times
the diffraction limit . This result indicated that it would be
possible to achieve even higher intensities, because
improvement in the spot size towards the diffraction limit
would have a significant effect on the focused intensities -as the
spot diameter decreases the focused intensities increase. Thus, a
measurement of the wavefront quality of the CPA was initiated
using a radial shear interferometer 2. The wavefront was
studied for the alignment beam and for single shots under a
variety of different configurations. The primary aim of the study
was to determine the origin of the wavefront aberrations and
whether they were static (optics), dynamic (thermal) or transient
(shot related) in nature and therefore to identify ways of their
correction.

Wavefront Characterization

The interferometer was placed in the diagnostic suite for the
CPA beamline located after the 150 mm amplifier. The
interferograms obtained were recorded on video tape and post
processed using a commercial software package ¥. An Optical
Path Difference (OPD) map of the wavefront is generated from
an individua interferogram, the shape of which is then
subsequently represented using a Zernike polynomia anaysis.
Zernike polynomials have a number of useful properties for
this application and have a long tradition of use in classica
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optical aberration analysis.

The wavefront W(p,6) can be described by a series of Zernike
polynomias R,"(p)cos(m8) and R,"(0)sin(m@) defined for an
optica system with a circular pupil of unit radius where
R,"(p)is a polynomial in p of order n and azimuthal frequency
m, with (p,6) the polar coordinates of any point located in the

pupil.

The wavefront can be written as expansion of these
polynomials,

W(p,6) = Z i[zm +1)/ L+ G0 )2 RT(P).(Cp cOST + 5, SN MO)

Where ¢, and s, are the expansion coefficients, n and m are
positive integers including zero, n-m=0, éij is a Kronecker
delta

Individual Zernike aberrations are orthogonal and balanced
meaning that the variance across the aperture is minimized by
the introduction of lower order aberrations. Additionaly,
excepting for the lowest order polynomial (n=0) the mean value
for each aberration is zero. These polynomials can be
normalised (thus becoming orthonormal) by choosing the right
definition for the constants. These properties mean that the
expansion coefficients represent the standard deviation of each
individual aberration across the pupil for each term. This series
has an infinite number of terms and there is no standard way of
ordering them. In this study the 1SO scheme was chosen * .
Findly, it is necessary to decide how many Zernike terms to
take into account. This is a tradeoff between adequately
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Figure 1. Vaues for the 13 Zernike terms for the alignment beam and their mean values and standard deviations
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representing the wavefront at the expense of the loss of higher
order mode information and computer processing time. In this
study, we stopped the 13" 1SO term (n=4). Some of these terms
corresponds to well known aberrations, such as astigmatism,
comaand spherical aberrations.

Analysis

The first part of this analysis was to determine whether the
alignment beam can be used as a good reference of the
wavefront quality present on a single shot. This is important to
determine whether the wavefront aberrations on a single shot
are comparable to the mean value of the aberrations on the
adignment beam, for a fixed period of time prior to the shot.
Figure 1 shows the vaues for the 13 Zernike terms for the
aignment beam and their mean values and standard deviations.
It aso shows the values for these terms for the single shot fired
immediately after. The analysis clearly shows different values
of the wavefront aberrations over this period of time arising
primarily from air movement. From figure 1, it is reasonable to
conclude that the mean value of the Zernike terms obtained with
the alignment beam is representative of the vaues obtained for
the wavefront aberrations on a single shot to within one
standard deviation of these values. Furthermore figure 1 shows
that the largest contributions are from terms four and six which
are the terms that represent astigmatism. The next largest terms
are eight and nine which represent coma.

These results demonstrate that the wavefront is predominately
aberrated by a fixed optical source. As the beam propagates
through the amplifier chain it encounters different optics, some
of which such as the disk amplifiers possess asymmetry and
could be the origin of the apparent fixed astigmatism. Thereisa
small contribution to wavefront distortion due to air movement,
as the beam propagates partly through air and not in an
enclosed beam line.

Astigmatic Shot Recovery

The Vulcan laser system fires one shot every 20 minutes. This
shot rate was empirically determined using previous studies of
the energy transmitted through a pinhole to determine when the
beam quality has recovered sufficiently to enable another shot.
The shot recovery time is minimised by the use of a set of
blowers that cool the amplifier for 15 minutes after each shot.
Astigmatism is of specid interest as it is the main contribution
to the aberrated wavefront. It is possible to describe classica
aberrations that are represented by two Zernike coefficients,
such as astigmatism, by the orientation in degrees and RMS
magnitude. The magnitude is obtained by summing the
appropriate normalised Zernike coefficients in quadrature.

The wavefront aberrations for the 20 minutes recovery time
after a single shot were analysed. Figure 2 shows the magnitude
and orientation of astigmatism for the alignment beam after a
single shot for a 35 minute period.

Astigmatism

0 5 10 25 30 35

15 20
Time After Shot (mins)

Figure 2a. Magnitude of astigmatism following a single shot
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Theta
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Figure 2b. Orientation of astigmatism after a single shot

The results of this analysis shows that a secondary astigmatism
is introduced such that the value of magnitude for this
aberration increases by approximately 50%. It returns to its
value prior to the shot after a period of about 25 minutes. A
rotation of the axis of astigmatism of about 10 degrees can also
be observed which also recovers to its origina value &fter a
similar time. This result confirms that the wavefront could
potentially be improved by deliberately introducing a controlled
amount of astigmatism to compensate that introduced in the
system optics. One feature of specia interest can be observed in
these figures and this is the effect of the blowers switching off
after 15 minutes. The magnitude of astigmatism increases for a
short time when the blowers are switched off.

Shot Sequence

An evauation of any accumulation of thermal wavefront errors
was performed by monitoring the wavefront for a series of 8

consecutive single shots fired on a 20 minutes cycle, athough
on a normal operational schedule the Vulcan laser system is

Disc Shot

05

4 M

0.3

R.M.S Normalised astigmatism

0.1

0 0 10 20 30 40 50 60 70 8 9 100 110 120 130 140 150 160 170 180
Time (mins)

Figure3a. Magnitude of astigmatism in a sequence of single
shots.
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Figure 3b. Orientation of astigmatism in a sequence of single
shots.
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usually fired with intervals longer than 20 minutes. Figure 3
shows the astigmatism magnitude and orientation and figure 4
shows the magnitude for coma. The graph for the magnitude of
the astigmatism shows an increase for the first two shots and it
isonly in the rest of the shots that the magnitude increases but it
recovers to its nomina value after twenty minutes. The trend
for the orientation of the astigmatism is very similar. For the
first three shots the orientation changes to a vaue of ~35
degrees and it is only after the third shot that the orientation
changes, but consistently recovers after 20 minutes. This shows
that it is possible to correct the astigmatic wavefront by
introducing a controlled amount of astigmatism whose
magnitude and orientation would not have to be altered in a
normal operational day.

Disc Shot

RM S Normalised Coma
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Time (mins)

100 120 140 160 180

Figure 4. Magnitude of coma in a sequence of single shots.

When looking at the magnitude of coma, it increases for the
first two shots although the trend during the sequence is to
decrease to its initid value. The next residua aberration is
triangular astigmatism, figure 5 shows the values of this
aberration for the series of shots. The results show that the
magnitude increases for the first two shots but the trend during
the sequence is to decrease to a lower value than its initia
value.
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Figure 5. Magnitude of triangular astigmatism in a sequence

of single shots
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Defocus was also studied for this series the results plotted in
figure 6 show how this term increases after the shot and
recovers, but after the trend is to decrease as the number of
shots increases, however in the case of defocus it is
compensated for in the target areas.

Disc Shot|

Defocus

10 20 30 40 50 60 70 8 9 100 110 120 130 140 150 160 170 I

Time (mins)
Figure 6. Defocus in a sequence of single shots

Conclusion

We can conclude from this study that the wavefront on the CPA
line is predominately aberrated by afixed optical source. It aso
shows that the main aberration is astigmatism. The Vulcan laser
can be fired every twenty minutes, this analysis shows how the
magnitude and orientation of astigmatism recover in this period
of time. Therefore the wavefront could potentially be improved
by deliberately introducing a controlled amount of astigmatism
to compensate that introduced by the system optics. The results
obtained in the series of shots show that the wavefront does not
change significantly in a norma operational period and
therefore the correction of the wavefront with a static corrector
would be feasible.
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Introduction

The improvement of the wavefront quality can be achieved by
deliberately introducing into the amplification chain a
controlled amount of an aberration in such a way as to cancel
the aberration that is intrinsically present in the chain. The
deliberate introduction of such a controlled aberration may be
done in a dynamic or static way. Dynamic correction is
versatile, enabling the correction of any aberration. It is
however also complex and expensive. Because the previous
study had shown the primary aberration to be astigmatism of
fixed characteristics, a static correction of just this aberration
was undertaken.

Wavefront Correction with a Static Corrector

Following a recent anaysis of the wavefront quality of the
chirped pulse amplification line of the Vulcan laser system Y, it
was considered that it might be possible to improve the
wavefront quality and thus achieve a focal spot size closer to
diffraction limit. The results of the study showed that the main
contribution to the aberrated wavefront was an astigmatism of
fixed magnitude and orientation that remained constant in
character on a shot to shot basis. Initial calculations indicated
that the removal of this fixed astigmatism in the wavefront
would reduce the focal spot size by at least a factor of two. This
would mean an increase of intensity by factor of four and would
potentially make it possible to achieve intensities greater than
10° W cm?,

To correct the wavefront two elements are required: a
wavefront sensor and a wavefront corrector located at suitable
points in the beam path. The wavefront sensor chosen was a
radial shear interferometer 2 as used in the wavefront study.
This was located at the output end of the amplification chain
prior to the beam entry into the target areas. The wavefront
corrector used was a deformed standard infrared mirror. An
amost perfect artificial astigmatism can be created over the
central two thirds of its diameter by bending this mirror using 4
micrometers as shown in figure 1. To achieve this, the mirror
was placed into a specialy designed mount. Prior to installing
the mirror, the correct amount of astigmatism was introduced
into the mirror by placing it in an interferometer and adjusting
the micrometers. After each adjustment a Zernike polynomial
analysis was conducted and the micrometers further adjusted
such that the quadrature sum of the two appropriate Zernike
coefficients governing astigmatism were identica to that

Standard

) infrared mirror
A Force applied by

micrometers

Figure 1. Scheme of deformable mirror
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determined from the system study. An approximate 1.5 A peak
to-valey (p-v) astigmatism was introduced with a residual non
astigmatic distortion of 0.2 A p-v. This mirror was installed
replacing the retro mirror at one end of the CPA beamline
double pass disk amplifier and rotated to minimise the
appropriate astigmatic Zernike terms of the wavefront recorded
by the interferometer at the output of the beam line.

J |\

Figure 2. Interferograms of beam 8 before and after the
installation of static corrector

Interferograms of the wavefront prior to and after the
installation of the wavefront corrector are shown in figure 2.
Without the static corrector the wavefront showed 1.5 A p-v
error. The corrected wavefront showed a 0.6 A p-v error. A far
field monitor was aso installed at the output of the CPA line.
Far fields of the alignment beam with and without the static
corrector were a so recorded. These far fields were processed to
obtain radia integrations, the results of which are shown in
figure 3. The figure shows an in increase of intensity by afactor
of 4.
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Figure 3. Radial Integration of Far Fields

20 2

Finally it should be noted that the CPA beamline is rectangular
apodized to match the grating compressor aperture. Corrected

wavefront interferograms recorded with the apodized beam

indicate a 0.35 A p-v wavefront error and far fields recorded
after the grating compressor show a virtualy diffraction limited
spot diameter with the CW alignment beam.
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CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon., OX11 0QX. Email RAllott@rl.ac.uk

Introduction

The commissioning of the target area for the Phase 1 petawatt
upgrade of the Vulcan facility was reported last year”. At that
stage the new large aperture diffraction gratings had not been
delivered. This article reports on the installation of the new
CPA compression gratings and the subsequent use of new fast
focusing optics designed to handle the increased beam
dimensions. The combination of the large gratings and fast
optics further increases the intensity delivered to target.

Installation of New Large Aperture Diffraction Gratings

The new large aperture diffraction gratings (Jobin Yvon) have
dimension 420 mm x 210 mm, 1740 linemm and are gold
coated holographic in nature. The resulting beam has dimension
190 mm x 110 mm allowing up to 80 Jto be delivered to target.

Figure 1. 420 mm x 210 mm Diffraction Grating
Installation of the gratings required the re-design of the CPA
diagnostics suite based on @280 mm diameter lens aspherised to
give wavefront aberration <A/10 @ 633 nm to accept the full
beam and the commissioning of a new full beam
interferometer? for on-line analysis of the reflected wavefront
after the compressor. Alignment tolerances for such a large
compression system are tight in particular for optimum
performance (pulse length < 500 fs) the parallelism has to be set
to within 50 prad. The figure below shows the reflected
wavefront quality of the first CPA grating in the first order
which is <A/6 @ 633 nm over 80% of the total area.

Figure 2. Plot of 1¥ Order Reflected Wavefront
Achieving Ultra-High Intensities: Fast Focusing Optics

In order to achieve intensities of 10%°-10%° Wem2 the focal spot
diameter must be of the order 10 um or less. This requires

CLF Annua Report 1997/98

excellent beam quality (< 3 x diffraction limited) and fast optics
<F3. Two focusing optics have been specified and purchased.
The first is an F3 off-axis parabola (SORL) 230 mm sguare,
focal length 600 mm, reflected wavefront <A/8 @ 633 nm. The
second is an F1.5 on-axis parabola (Optical Surfaces Ltd.)
255 mm x 130 mm, focal length 225 mm, reflected wavefront
<A/8 @ 633 nm. Both parabolas are HR coated for 1053 nm and
527 nm (SLS Optics). The incredible quality of these optics
achieved over very large apertures is a testament to the skills of
our optical suppliers.

Figure 3. Lge Aperture F1
On-Axis Parabola

Overall system Perfor mance

The dimensions of the new CPA gratings alows the energy
delivered to target to almost double. Coupled with the excellent
surface quality of the gratings and focusing optics the intensity
has been measured® at 5x10*° Wem2  An adaptive optic is
currently under test® to further improve the beam quality (<1.5x
diffraction limited) and we thereby expect to exceed an
intensity of 10%° Wem™ on target.

Applications

With the potential to deliver intensities up to 10%° Wcm™ the
ultra-high intensity interaction facility opens up a weath of
novel and exciting plasma physics. For example high harmonic
production, nuclear activation, parametric instabilities, electron
acceleration, relativistic effects and measurement of ultra-high
magnetic fields. Also studies relating to the fusion programme,
in particular the fast igniter scheme, arein progress.
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Cerberus, a redesigned network interlock system for use with the Vulcan and Astra

lasers and throughout the CLF

C J Reason, W Lester, E Divall.

CLRC, Rutherford Appleton Laboratory, Chilton, Didcot, Oxon., OX11 0QX. Email C.J.Reason@rl.ac.uk

Introduction

During the operation of the gas laser Sprite, a networked
interlock system was specified, written, instaled and
commissioned called Cerberus (after the multi-headed dog
guarding the gateway to Hades in Greek mythology). This was
based on a single PC and a number of Intel processor cards
based in 80186 chips, in STE crates linked on a token ring
(arcnet) network. This has been described elsewhere -2 . This
operated successfully on Sprite and Titania.

The interlock system on the Vulcan laser has component parts
dating back to the original installation of Vulcan (some 20 or
more years). This has become increasingly difficult to maintain
and extend so it was decided to install an interlock system
similar to that on Titania. Also the Astra (HPHR) project would
need a new interlock system. It was decided to take this
opportunity to update the components, change the network and
introduce some additional rules to make the operational aspects
of the system more user friendly.

Changesto the hardware

The cost of assembling an interlock station (processor, video
card, display, digital 10, networking, a crate and power supply)
was investigated and found to be substantially higher than
purchasing a basic PC with a digital 10 board. It was therefore

decided to base the interlock system round a number of PCss
with 192 way digital 10 boards. This made the programming
and networking of the stations much simpler. The specification
of the PC was the minimum available from the laboratory
supplier (16 Mbytes of memory, a 2 Gbyte hard disk, around

operated in a mode with handshakes (such that only the main
computer can put messages on the Ethernet and then waits for a
reply from a station before sending another message) then
Ethernet timings become deterministic. The new system is
operated in this mode.

If noise turns out to be a problem, it will be trivial to convert the
network to fibre optic operation.

The operating system and the code

The operating system used is DOS (version 6.2) because this is
easily available on a PC and is not a multitasking operating
system. Thus when the interlock code is running, nothing can
interrupt it, making the timings of the code deterministic. All
versions of Windows have some foreground / background
tasking, making them unsuitable for this application.

The code is written in Pascal (Borland Turbo Pascal Version 7).
This was chosen because it is strongly typed and its structure
allows for a simple mapping between the interlock rules and

code statements.

New rules

A number of additional rules are incorporated to facilitate the
operation of the system without compromising the safety:

The rooms in which a particular laser can produce a hazard
are specified by the Laser Responsible Officer (LRO). This
covers the case where it is impossible that a laser can
produce a hazard in a room even when there is a clear beam
path.

200 MHz speed, a sound card, a networking card, and the usual

keyboard, mouse, floppy disk etc. capable of running DOS}

although this was an over specification.

The signal conditioning, signal routing and interlock control

system have been implemented in eurocrate in a modular format

which gives a uniform look and feel to each area.

Changesto the network

The original Cerberus system was based on a token ring
network. This was chosen because the timings on this type of

network are deterministic, allowing us to predict the timing

response of the network. After installation, a problem was

Shutters are specified to be fast or slow by the LRO
depending on the time they take to close being less than or
greater than the watchdog time (typically 0.25 sec.). The
hazard will propagate through a slow shutter but not
through a fast shutter. Thus a tripped room will not cause an
adjacent room to trip if they are separated by a fast shutter.

A scheme has been devised for completely enclosed lasers.
Such a laser will not cause a hazard in the room.

The concept of a ‘shot’ has been extended to high power
operation for lasers that operate in CW mode or at a high
rep. rate.

discovered. As the token was always present on the network,
electrical noise from the operation of the laser was picked up bgtatus

the wires and the token destroyed. This meant that one of t
stations was lost. The time taken to rebuild the network w
longer than the required response time of the interlock syste

hﬁ1e Cerberus system is currently installed and running on Astra

ar%nd will be installed on Vulcan during the first half of 1999.

and the watchdog timeouts (i.e. just under one second). DUriNgefer ences

operation, the interlock system shut down after most laser sho?.

force a rebuild of the network in a much shorter times-scale

“#y

system because it is a wider standard than arcnet, is easffy

A proprietary circuit was developed to detect this lost token an

than the watchdog timeout. This workeaaessfully.

It was decided to change the network to Ethernet in the ne

Cerberus: a laser interlock system using Arcnet by

P Gottfeldt and C J Reason.

Computing and Control Engineering Journal, December
1993. P 281.

Cerberus, A Computerised Interlock System for the Sprite
Laser by

available and inexpensive. Its normal state is quiescent (in
particular at the time of a shot) unless it is carrying a message.
The probability that any electrical pickup will resemble a valid
message packet is vanishingly small so noise will be rejected by
the system. If the noise coincides with a valid package, then the
package can be re-sent after just a few micro-seconds.

The reason Ethernet was rejected at first was it was thought that
the timings would not be deterministic (because of the collision
detection mechanism). However if the system is isolated and
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Characterisation of the Titania Raman Front End

E J Divall, C J Hooker,JM D Lister.

CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon., OX11 0QX

Introduction

When Titania came on line as an operationa laser system in
1996 it was run solely as a single beam CPA machine. Later in
1997 the optical hardware was upgraded to enable the system to
run in Raman mode, using twenty KrF beams to amplify a
single Raman pulse. The Raman upgrade aso required
modifications to the front end to provide seed pulses of 30 or
60 ps, a both the pump (248.6 nm) and Raman (268 nm)
wavelengths. (The pulse length can be changed by installing
different hardware in the oscillator.) In many respects the new
Raman front end is a cross between the old Raman system and
the existing CPA one". Itslayout is shown in figure 1.

Ultra-violet generation

The source laser for the Raman front end is an Argon ion
pumped Tsunami (Spectra-PhysicsLtd) producing an 82 MHz
train of 30 ps pulses a 746 nm - one pulse every 12 ns. The
average power from this laser was initidly set to 950 mW
(11.5 ndpulse). This pulse train passes through a 40 mm dye
cell filled with a solution of Rh 700 in methanol and pumped by
four beams from a frequency doubled Nd:Y AG laser running at
8.3 Hz. The four beams are al split from a single origina 6 ns
pulse, but delayed by 1 ns intervals to give an averaging effect
in the dye. This gives an overal pump pulse of approximately
9 ns, which is shorter than the 12 ns interval between Tsunami
pulses so that only one of these is selected and amplified. A
final stage of amplification takes place in a Ti-sapphire rod, also
pumped by the Nd:YAG laser. This amplifier uses an
arrangement of mirrors and double bi-prisms to steer the beam
through the rod 8 times?. Together these amplifiers raise the
energy of asingle pulseto 10 mJ.

Two BBO crystals are used to frequency triple the red pulses to
248.6 nm. The crystals used are approximately 7 mm square
and 2.5 mm thick. The energy of the third harmonic pulses is
1 mJin a4 mm diameter beam.

After the tripling crystals a 2.5 m air spatial filter is used to
produce a near-diffraction limited beam which is recollimated at
6 mm diameter.

Discharge laser

Initial calculations showed that there would be enough KrF
energy after the tripling crystals to saturate Titania following
splitting and amplification in Sprite. Experiments have shown
that more energy is needed in the seed pulse to saturate Titania

. Dye
T >
sunami Call 8-pass

Amplifier

F Seed ‘ \
;B_ea:le Discharge - |] 1 [I

50% Laser Tripler
Raman Generator Y
Seed [T : Frism
Regean Seod['First Raman Amplifier

Figure 1. Schematic diagram of the Raman front end
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fully. The tripling crystals are already operating near the non-
linear limit, so the UV pulses are single-pass amplified in a KrF
discharge laser (LPX105). This provides the necessary energy
at the cost of a dlight reduction in beam quality which,
fortunately, is not important on a Raman system where the KrF
pulses are only used as pump beams and do not travel to target.

Raman generation

A 50% mirror is used to split the KrF beam in two: one half
becomes the KrF seed pulse and the other is used to generate
the Raman beam. Initially both are amplified by a single pass
through the LPX105 discharge laser. The KrF seed pulse is
delayed by 6 ns before entering the amplifier to minimize the
energy variations resulting from timing jitter. This beam is then
expanded to 20 mm and fed through to the multiplexer room.
The Raman generating pulse is split into two. One beam is sent
through the discharge laser for a second pass and becomes the
pump beam for the first Raman amplifier. The other passes
though an iris and is focused in a 2.6 m tube of methane (at
2.2 bar) to generate the seed Raman beam. The iris is used to
control the input beam energy - too great an intensity loses
efficiency as higher order Stokes frequencies are generated. A
prism and pinhole arrangement is used as a spectrd filter to
remove the remaining KrF and other unwanted frequencies. The
Raman seed beam is then spatiadly filtered before being
amplified in the first Raman amplifier, another tube filled with
methane at 2 bar. It enters this tube amost colinearly with the
pump beam, so that they interact for the full length of the
amplifier. After amplification this Stokes beam is aso fed
through to the multiplexer room.

Tsunami perfor mance

For optimum Raman conversion it is important to have a stable
transform-limited  oscillator. Measurements  with  the
autocorrelator showed the Tsunami pulse length and stability to
be dependent on the pump power (figure2). To give 60 ps
pulses the Argon ion laser was run a 8.5W. However this
configuration was found to give poorer quality UV pulses,
which were believed to give poorer conversion efficiency in the
main Raman amplifiers as a consequence of the input pulses not
being transform-limited. We therefore set up a streak camera
and spectrometer to measure the pulse length and bandwidth of
the frequency-tripled pulses, making sure that the spectrum and
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Figure 2. Tsunami pulse duration as a function of pump power
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H

Figure 3. Low intensity (left) and high intensity (right)
streaked images of the output from the tripler

streak were captured simultaneously, as there were significant
pulse-to-pul se variations.

The tripler showed a 10% efficiency in converting from 746 nm
to 248.6 nm. Replacing the BBO crystals with KDP (approx.
2 cm thick) made no difference to the tripling efficiency.

Using a streak camera it was found that there were significant
unwanted non-linear effects present in both the KDP and BBO
crystals. If the incident red intensity was increased beyond
1.3x10°W/cm? then the pulse temporal profile showed a
distinct break up into two parts, (see figure3). The spectrum
was dightly broadened, but the effect on the spectrum was far
smaller than on the pulse profile. This was greatly reduced by
increasing the beam divergence through the 8-pass amplifier,
which reduced the intensity at the crystals. Neither the air focus
in the spatia filter nor the amplification in the discharge laser
had any measurable effect on the spectrum or streak.

By plotting the time-bandwidth product of the pulses as a
function of energy out of the TiS amplifier, we were able to
establish a maximum operating power which still gave pulses
reasonably close to the transform limit, (see figure 4). However,
athough individual pulses were all close to the transform limit,
under some conditions successive pulses could vary in length

by +25%, with a corresponding variation in bandwidth. It
became apparent that the stability of the pulse length and the
spectral width varied with the pump power to the Tsunami. By
experiment we found that the least fluctuation in both quantities
occurred at a pump power of 7.2 W, so this was chosen as the

operating point for the laser.
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Conclusions
After the modifications described, the 60 ps pulses generated by

the Titania front end were nearly transform-limited and were
both spectrally and temporally smooth.
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Figure 4. Time-bandwidth product after the tripler as a function
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Design of Handling and Testing Equipment for Titania and Sprite Laser Cells

SHancock, B E Wyborn.

CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon., OX11 0QX. Email SHancock@RL.AC.UK

Introduction

Operational experience on the Titania laser revealed a need to
improve the controlled procedures for the foiling, testing,
assembly, and installation of the gas laser cells used in the
Titaniaand Sprite KrF amplifiers.

Specidised equipment has been designed to improve the
handling and testing of these cells and is described in further
detail in this article. It should be noted that the Titania and
Sprite cells are different in their physical dimensions, in their
assembly and sealing arrangements, and in their method of
installation. The design of the new equipment caters for these
differences.

Foiling

New jigs have been designed to adequately support both cells
during each facet of the foiling procedure, from the initial
cleaning, through the etching procedure, to final gluing of the
foils to the cells. Transportation of the cells between
buildings after cleaning and etching has also been refined to
eliminate possible contamination.

TEST RIG

Testing

A new rig has been purpose designed to test each of the
foiled cells. Confidence in the test facility is essentia to
ensure confidence in the completed assemblies.

Figure 1 shows the test rig consisting of a 500 mm diameter
vacuum vessel and ancillary eguipment. This vessel is
manufactured from either stainless steel or mild steel nickel-
plated to minimise outgassing during use, thus giving
confidence that gauge readings are representative of the
actual cell integrity.

The test vessel is supported such that the loading of each cell
can be carried out without any fear of damage taking place
during the handling procedure. Each end of the vessel was
required to give easy access for leak detection equipment to
be used with confidence. A secondary vacuum test can be
carried out, by sealing the central void with additional end
flanges and pumping the internal space. The resulting
pressure difference gives further information to establish the

cell’'s integrity. The stand will also support such ancillary
equipment that may be required to carry out all necessary

operations on each cell.

Assembly

Once the cell has been satisfactorily tested various
mechanical components are assembled into position before
installation. At this stage of the procedure the cell is at a
vulnerable state. The glued foils have been pre-formed to the
shape of the hibachi grid, and can be accidentally damaged,
therefore the carefully designed assembly jig offers as much
protection to the vulnerable areas as possible but still allows
easy access for the assembly as required. Figure 2 shows the
Titania cell ready for installation on this assembly jig.

L
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Figure 1. Titanialaser cell in new test rig
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Figure 2. Titania cell ready for installation
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High Energy Operation of Titania for Materials Processing
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Introduction System perfor mance

The optical layout of Titania for materials processing was The maximum specified fluence of 1 J&nsan be reached
described in last year's Annual RegbrThe aim was to deliver quite comfortably when the system is operating optimally. As
20 ns 249 nm pulses with up to 1 Jtfluence and maximum the gas mixtures in the lasers age, however, the output does fall.
possible fluence uniformity across a large area (up to 125 miRurthermore the shot-to-shot reproducibility worsens as gain
diameter). The scheme used three beam lines, temporalgaturation becomes a less effective stabiliser. The fluence can
multiplexed through the Sprite and Titania amplifiers and therbe controlled by inserting attenuators into one or more of the
demultiplexed to target. The beam on each one was imag&eam lines. An order of magnitude reduction in the fluence can
relayed from a plane near the output of a quasi-ASE source ime achieved this way although the temporal pulse shape and the

the Front End Room. fluence uniformity may be changed somewhat. When the
) _ irradiated area is just 2 cm2 cm the fluence can be doubled
Diagnostics by spatially splitting each full beam into two and overlapping

The diagnostic suite used to monitor the system performance iBe two samples at the target.

shown schematically in figure 1. Because the beams are 'Magene temporal pulse shape on each beam line follows that of the

relayed it is necessary to carry out the monitoring in a plan . : L
which is equivalent to the target plane. The large beam siz%‘SE source (with some sharpening of the rising edge and

. . treduction of the intra-pulse modulation as a result of gain
requires the use of a large beam splitter and the only such opti¢ e .

- . " . Saturation in Titania). The modulation can be reduced further by
available to us was a 15 mm thick uncoated silica flat. This has." . . . S
~4% Fresnel reflectivity on both its front and back surfaces anadjustlng the demultiplexing dglays on the_individual beam

L ines. The FWHM of the pulse is typically 15 ns measured at

must be used at near-normal incidence to prevent th e target
front-reflected and back-reflected images from being get.
significantly displaced in the equivalent plane. Near-normalThe fluence uniformity has, to date, only been measured within
operation requires, in turn, that the beam splitter be placed @ 2 cmx 2 cm aperture. Over this area the peak to valley
long way (~10 m) from the target plane to allow the incidentfluence variation is 10-20% of the average fluence. The causes
and reflected beams enough distance to separate. of the spatial nonuniformity appear to be, in decreasing order of
portance, i) nonuniformity in the source, ii) fringes caused by

The important performance parameters are fluence uniformit- . . ) . . o
P P P ffraction (or, possibly, interference) and iii) nonuniformity in

(time-integrated), pulse energy (time- and space-integrated) a lifers’ qain. Th t straiahtf d fi .
temporal pulse shape (space-integrated). The fluence uniformi € a;lmp ners gg?ln. it € mosldsgalgt orwar W‘?g 0 |mpr0V|rE)g
is measured by imaging the fluorescence from a glass flat onto. € fluence uniformity wou € o Improve the source, by
CCD camera. The glass flat is illuminated by light taken fromincreasing t?Oth the spatial uniformity anc_i the |ncoh_er¢nc_e
the diagnostic beam using a 3 mm thick uncoated silica splittep.ncreaSGOI mqoherence_ would - lead to |ncreas¢_ed Intrinsic
Pulse energy is measured using a pyroelectric detectiﬁvergence which would improve the spatial averaging through

(Molectron model no J50) with a lens to reduce the beam siz e amplifier _chain)._ The pri_ce to be pe_li_d for this would be an
This is again fed from a splitter in the diagnostic beam. Théncreased gain requirement in the amplifier chain and a reduced

temporal pulse shape is measured by a vacuum photodioéj(ffapth of field at the target plane.

(ITL model no TF1850). References

For some experiments a 2 en2 cm mask is used just before 1. G J Hirst, E J Divall, A K Kidd and J M D Lister

the target plane. Under these circumstances corresponding Central Laser Facility Annual Report 1996-7,
masks are placed just before the equivalent diagnostic planes.  RAL-TR-97-045, 208 (1997)

Splitter 1

1-3 incoming beams

- 11

CCD camera

Glass fluorescer Pyroelectric Photodiode
sensor

Figure 1. Layout of the Titania diagnostics suite in Materials Processing mode
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Performance of the Titania Power Raman Amplifiers

C J Hooker, E J Divall, G J Hirst, AK Kidd, JM D Lister.

CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon., OX11 0QX. Email C.J.Hooker @RL.AC.UK

Introduction

Operation of Titaniain Raman mode commenced in May 1997,
following a lengthy installation period in which 120 large-
aperture mirrors and other optics were installed on the
frameworksin the multiplexing area . The gas cells for the two
Raman amplifiers, RAT2 and RAT3, were installed on their
frameworks, and the pre-assembled float-glass lightguides
mounted inside them. The other main elements of the Raman
beamline were the two Vacuum Spatial Filters (VSFs), each
18 metres in length. The second of these, VSF2, is placed
between the two Raman amplifiers as an expander, and aso
ensures the input to the final amplifier is as close to diffraction-
limited as possible. The pump energy for RAT2 is derived from
two beams from Titania, which for reasons of synchronisation
are numbers 1 and 2; two 75 mm mirrors are placed in each
beam to obtain four beams of the correct size for the 60 mm
lightguide. RAT3 is pumped by beams 5 to 24 from Titania,
which are arranged in four groups of five, above, below and to
either side of the axis of the amplifier at an average angle of
three degrees to it. The output of RAT3 is sent through an
evacuated beam pipe into the target area.

Initial performance

The early performance of the laser was characterised by low
output energy from both Raman amplifiers. The maximum
recorded output from RAT2 was 420 mJ, but the output was
very erratic, with 200 mJ being more typical, and the greatest
conversion efficiency was 18%, far less than the expected
value. The near-field of the output Stokes beam exhibited
horizontal and vertical striations, suggesting imprinting of pump
non-uniformities. The oscillator beam at the output of VSF2,
following RAT2, appeared smooth and diffraction-limited; on a
shot, however, the transmission of this VSF was very low. The
output from RAT3 on full shots was also quite variable, but the
maximum output was just over 10 J, irrespective of input
energy, pump energy or variations in the partial pressure of
methane in the amplifier.

Perfor mance analysis and system modifications

The erratic performance of RAT2 contrasted strongly with the
apparently clamping on the output of RAT3, and it was
presumed that these two effects had different causes. Variations
in the spectrum of the oscillator pulses might account for the
former, and some combination of Two-Photon Absorption

(TPA), the “pancake” effect, spectral broadening of the Stoke

result in loss of conversion efficiency. Finally, although
computer modelling of the amplifiers had shown that a length of
1 m was sufficient to saturate the output of RAT3, if the gain
were reduced by some other effect, an increase in length might
be needed to obtain the expected output energy.

Campaign for improved performance

The first stage of the campaign involved the changes to the
front end and the introduction of better operating procedures
described elsewhere in this rep8tt These resulted in stable,
near-transform-limited pulses of approximately 60 ps duration
being fed into the main amplifier chains. As the poor
performance of RAT2 was one of the main concerns in the
previous run, its pump energy was boosted by removing the
50% beamsplitters in beams 1 and 2 after Sprite, which doubled
the input to Titania on those beams, significantly increasing the
pump energy to RAT2, although the number of pump beams to
RAT3 was reduced from 20 to 18.

To ensure there would be sufficient gain-length in RAT3 this

time, the amplifier housing was extended, and a second 1 m
section of lightguide installed. A more accurate pressure gauge
was fitted at the same time, so the overall gain could be
controlled by varying the methane partial pressure.

Better diagnostics of the Raman amplifier pump energies were
set up, using photodiodes to monitor the Rayleigh-scattered
light from the beams just before they entered the amplifiers. To
minimise the effects of light scattered from elsewhere in the
room, the diodes were fitted with 249 nm interference filters
and enclosed in boxes with carefully-designed light baffles.
Although the laser pulse length was 60 ps, the scattered light
reaching the diode originated from a volume of ~20 cm length
swept out by the beam, effectively stretching the pulse seen by
the diode to around 1 ns: this avoids overloading the diode.
After calibration against a conventional calorimeter, the diode
signals gave energies accurate to +5%, with the advantage that
no splitter plate had to be placed in the beam. An additional
Rayleigh diode, with a 268 nm filter, was installed at the output
of the second VSF, to measure the Stokes input to the final
Raman amplifier. A number of leaks in the pipework of the
VSF were eliminated and, to ensure a good vacuum, a
turbomolecular pump was installed close to the centre section,
giving typical pressures near the pinhole of«<50* torr.

gerfor mance of RAT2

in the second VSF and insufficient gain length in RAT3 itselfWith the changes described and seed pulses of better spectral
might explain its poor output. The throughput of VSF2 reachedjuality, the performance of RAT2 was dramatically improved.
its theoretical value only after the cell was flushed with heliumPump energies of 2 - 2.5 J were obtained, and after the timing
and evacuated, and decreased gradually over time thereaftéad been optimised Stokes output energies were typically in the
This was consistent with a leak in the pipework causing a buildregion of 1 J, with a maximum of 1.4 J. This corresponds to a
up of air pressure, and subsequent self-focusing of the beapump-to-Stokes conversion efficiency of around 60%, which is

which reduced the transmission through the pinhole.

Calculations of TPA in the RAT3 windows showed that

similar to that achieved previously in the Sprite system. As
expected, the transmission of VSF2 was more consistent as a
result of the better vacuum, and on most shots it was close to

although significant, it should not reduce the available pumphe calculated value of 68%.
energy so much that the output was only 10 J, and would not
account for the clamping of the output. An absorptionperfor mance studies of RAT3

measurement made on one of the windows using the oscillat

output gave a value for the TPA coefficient
0.066 = 0.01 cm GW the accepted value is 0.07 cm GW

Ynce RAT2 was working correctly, some shots were taken on

RAT3 to carry out a timing scan. This showed an almost
constant Stokes output of around 10 J over the timing range, the

With a pump beam angle of 3 degrees, the pancake effestme maximum energy that was obtained previously. The

causes an apparent pulse stretching of 28 ps across the 16 small-signal gain was measured by blocking the pump beams to
aperture of the lightguide, which would almost double theRAT2 so that the input to RAT3 consisted of the oscillator
effective pulse length near the edges of the guide, and mighulse alone. The output energy was between 9 and 9.4 J, which
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from an input energy estimated at 30 pJ corresponds to a gain
of 3.7 x 10°. In fact, as the output was near the saturation level
thisis not the small-signa gain, which is clearly larger still.

One concern from the previous run was the amount of TPA loss
in the windows of RAT3, which are 3 mm thick silica. One
pump beam was dedicated to investigating this, using a pair of
calorimeters to measure the energy in a 25 mm diameter portion
of the beam before and after its passage through the amplifier
(filled with helium for this experiment). Comparison of the ratio
of the signals when all the beams were present with that when
only the test beam was present gave a net transmission of 84%,
or aloss of 16%, due to TPA in the two windows. This is the
expected value for a thickness of 6 mm of silica at an intensity
of 4.5 GWem? (54 J of pump energy). The transmission with
1bar of methane in the cell was only 24%,; this increased
rapidly as either the number of beams or the partial pressure of
methane in the cell were reduced. The pump energy was either
being absorbed in the amplifier, or scattered so that most of it
did not strike the cal orimeter.

Pump beam spectral measurements

A simple etalon spectrometer was constructed to monitor the
spectrum of one pump beam after passage through the
amplifier: beam 5 was chosen because it has the longest air-path
after Titania, and would be most likely to show any non-linear
effects. During alignment, and to measure the front end
spectrum, a kinematically-mounted HR mirror was used at the
input, and the signal from the CCD camera integrated over
about a hundred pulses. On shots, the mirror was replaced by an
uncoated flat on a second kinematic mount, aligned at the same
angle, while the mirror itself was moved into the beam to act as
an attenuator, giving an overall reduction in sensitivity of ~10°.

Spectra were recorded during the amplifier transmission
measurements described above. With pure helium in RAT3, the
amplified spectrum was not significantly different from that of
the oscillator, but with 1 bar of methane the spectrum was
broadened by a factor which was typicaly between 2 and 3.
Transmission measurements were made with various
proportions of methane (mixed with helium) in the cell, and the
amount of spectral broadening was generally greater with
higher methane concentrations and higher pump energies.

Spectra recorded when there was an input Stokes signal to
RAT3 were still broadened, but aso showed a narrow
absorption feature. The width of this feature was the same
within error limits as that of the KrF oscillator spectrum, and
the interpretation is that it represents depletion of the pump
rediation lying within the bandwidth accessible to the Raman
process. Since the seed Stokes pulse is generated from the
oscillator, the correspondence of the width of the feature with
the oscillator spectrum is not surprising. The output of the
amplifier varied with methane concentration, from 9.4 J at
100% up to a maximum of 16.2 J at 47%. On further reduction
of the methane concentration the output energies became
smaller again. Spectral broadening could easily account for the
clamping of the output energy, if it redistributes the pump
energy so that the amount available within the Raman
bandwidth is more or less constant.

Higher Stokes phenomena

Previous work with Raman lasers * % had shown the
significance of second Stokes in limiting the output of the
amplifiers. A mini-spectrometer on a PC card with a fibre-optic
input was used to examine the output from RAT3 to determine
what other wavelengths were present. This clearly showed three
lines: KrF, first Stokes and second Stokes, with the last being
stronger than the first Stokes. To examine the angular
distribution of these wavelengths, a lens of 4.3 m focal length
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Figure 1. Far-field output of RAT3 with high gain

was placed just after RAT3, with a pair of glass plates
(uncoated) at 45° immediately after it to provide ~100x
attenuation. The far-field image of the amplifier output was
received on a large screen of card at the focus of the lens and
viewed with a CCD camera. A typica image is shown in
figure 1.

The central spot is the first Stokes. The groups of spots and
short straight lines are pump radiation that has been transmitted
directly through the guide or reflected from the slightly curved
walls. The long curved rays are second Stokes generated by the
interaction of scattered Stokes with the phonon waves in the
methane ¥. Once generated, the second Stokes is amplified at
the expense of the first Stokes. On shots taken with no Stokes
input, the spectrometer showed both pump and first Stokes, and
a large, diffuse area of self-generated Stokes emission was
observed in the far-field. Calorimeter measurements showed
this contained over ajoule of energy.

The length of RAT3 was reduced to the original 1 m, and the
measurements were repeated with 100% methane in the
amplifier. The second Stokes rays were absent, and there was
no indication of self-generated first Stokes. However, the
maximum output energy was still around 10 J. The etalon
spectrometer was set up to record two parts of beam 5: one from
before the amplifier in addition to the one transmitted. These
spectral measurements showed the transmitted intensity was
depleted by a factor of 25, compared with a factor of only 4
obtained from the caorimeter data The best conversion
efficiency was 22%. At the time of writing these discrepancies
in the energy balance measurements have not been resolved,
and the poor performance of RAT3 remains unexplained.
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Redesign of the Sprite Pulse Forming Lines (PFLSs)

A K Kidd, P E Hatton, G J Hirst.
CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon., OX11 0QX

Introduction dimensions are constrained by those of the switch housing but

As a consequence of the Titania upgrade begun in 1995, the  there is scope for modification in other directions. Specifically,

Sprite amplifier is now required to accommodate a longer ~ the curvature and/or angle of orientation of the insulator may be
optical pulse train . Making allowance for amplifier fill time, changed to improve the electrostatic fl_eld_ grac_ilng al_ong the
switch jitter and gain risetime, the amplification of 48 pulses of waterllnsulato_r interface. The_ electrostatlc field distribution was

1.5 ns separation means that the electrical pulse length seen by modelled using the two-dlmen_sm_nal MagN@t software

the electron beam diodes has been increased from 60 ns to ~ Package. The results are shown in figure 2.

120 ns. No modifications were carried out on the laser- I

triggered PFL switches or on the diodes themselves, but the
physical length of the PFLs was doubled from 1.05 mto 2.1 m.
This increase in length, coupled with the removal of the water
capacitor when the Marx generator was replaced, has increased
the PFLs’ electrical charge time by more than a factor of 7 t
1.5pus. Although the PFLs are charged to the same voltage
before, the increased charge time places additional electric
stress on the switch insulatdr Problems have arisen during
the past two years with laser triggering and insulator trackin
Six insulators have shattered on different switches in that tim
In order to improve pulsed power reliability and reduce
operational down-time, we undertook a re-design of the PFLs.

M echanical design

The re-design was undertaken under the constraints of retaini
as much of the existing hardware as was practical in order
save money and time. We have used the existing switc

housing (aluminium), output section and trigger beam optics.™ " ] o ] ] ]
The solution arrived at is shown in figure 1. Figure 2. Equipotential lines in the redesigned Sprite switch

The main improvement of this design is that the shape of the

cathode shields the triple junction (gas/insulator/electrode) from

high electric fields. The field at the triple junction (which tends

to be one of the weakest points in any high voltage insulating

system) is very much lower than that of the current design

(15 kvcm* compared with 38 kVcil). Furthermore, the

ik gradual curve on the insulator produces a more gradual field

F- distribution along the insulator gas interface. The peak electric

field occurs 1-2 cm along the curved surface and is 90 Kvem

- (compared with the current 110 kv All figures are for a

_s Marx charge voltage of 60 kV. It was found that no significant

improvement in electric field uniformity was possible by

"I m angling the reverse side of the insulator due to the overriding
influence of the inner surface.

Summary

An electrostatic modelling package has been used to predict the
performance of proposed improvements to the Sprite switch and
compare it with that of the existing design. This procedure paid
The PFLs are made from aluminium. The electrode inners angarticular attention to the electric fields at the triple junction and
brass enclosed in stainless steel outers. The insulator is cde water/insulator interface. The triple point electric field is
from a single piece ofpoxy resin block for whicls, is 3.3. 60% lower than with the existing design and the peak electric

. field along the insulator surface is 20% lower. The resulting
The gradual curvature of the insulator surface away from th%esign uses the current switch housing and should allow the

cathode diverts debris, resulting from shots, away from regiongjte |aser system to be operated more reliably than at present.
of high electric field. The higher electrical stress on the

insulator makes reliable laser triggering particularly importantRefer ences
Unlike the Titania switch design (which uses two disk
insulators) it was not possible to see directly into the Sprité”
switch to ensure a laser spark was present. The porthole on the
side of the new switch housing does allow this provided the. RAL report No. RL-94-014, (1994). J C Martin
insulator surface is polished in this region. Nanosecond pulse techniques

Proc IEEE, 80 934,(1992).

Infolytica Ltd MagNet version 5.2
68 Milton Park, Abingdon, Oxon. OX14 4RX.

Figure 1. The new Sprite PFL design

Salient points of the design include:

S Angood et al
Specification for the TITANIA KrF laser system

Electrical design

The electrical design focused on reducing the electrical stresss'
by reshaping the switch insulator. The insulator's radial
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Measurements of Helium Purity in the Titania Stokes Delay Line

A Boba, C E Marker, E J Divall, G J Hirst.
CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon., OX11 0QX. Email G.J.Hirst@RL.AC.UK

Introduction The expected effective length of the pipe (i.e. the reading on the
The Titania laser has two modes of operation - CPA and  display) was calculated using the following formulae:
Raman. The Raman mode requires an optically delayed Stokes Speed of sound in air

beam to seed the single-shot Raman amplifier system. The Effective length = True length x
delay is produced in a helium-filled beam pipe with a set of

mirrors a each end, allowing the Stokes beam to pass back and
forward within the pipe nine times. Helium is used because it Speed of sound in gas mixture = /V X Prgssure
has a very low nonlinear refractive index therefore preventing Density

any spectral or spatial distortion of the beam. (These would

lead to energy losses when the beam reaches the amplifiers.) Density = Density of air x p+ Density of helium x (1-p)
The objective of the following experiment was to find an . . o

accurate method of measuring the purity of the helium which ~ Where p is the partial pressure of air in bar

falls, over aperiod of weeks, asair leaks into the beam pipe. R

Ratio of ific heats, y =1+ - -
1001 SEIENAS ¥ =2 (@i < p+ C, (helium) x (1— p)

Speed of sound in gas mixture

Experiment

The speed of sound in helium is very different from that in air
(grester by a factor of approximately three). It was therefore Pressure = 101325 Pa

decided to investigate the use of an ultrasonic measuring device ] )

to quantify the relative amounts of the two gases. The only ~ Density of air = 1.184 kg th
foreseeable problems were in placing the transducer securely Density of helium = 0.1664 kg
inside the pipe without obstructing any of the beam paths and

ensuring that it would still function properly after the pipe had .. _5R

been pumped out to a vacuum then refilled to a pressure of one Cy(ar) = )

atmosphere several times over.

and:

. . 3R
The transducer was removed from an ultrasonic “tape measureC, (helium) = —
(RS Components stock no 198-4511) and fixed onto a small 2
mirror mount to allow for directional adjustments. The onclusions
transducer and mount were then fitted onto the mirror array at .
one end of the beam pipe. Gas-tight Lemo plugs and sockefdgure 1 shows that the measured lengths followed the line of
were used to connect the transducer to its electronic displd{i€ theoretical lengths within a few centimetres up to an air
which would remain outside the pipe. With the beam pipe filledffaction of 6%. However above 7% the readings became very
with air the mount was adjusted to give a reading on the displa§ratic and differed from the theory by more than 10 cm. One

which coincided with the measured distance from the transducélossible explanation for this could be that due to the density
to the far end of the pipe i.e. 12.05 m. difference the air was sinking to the bottom of the pipe and the

gas mixture was separating. This effect would be expected to
The pipe was then sealed and the contents were pumped out tget worse as the amount of air in the pipe increased.
vacuum before being refilled with helium. A reading was taken ] )
from the display and recorded. The contents of the pipe Werghe_ultrasonlc tape measure was found_to measure the air
then pumped out again and 10 mbar of air was let in before tHgaction accurately for values up to 6%. Since spectral effects
pipe was filled to 1 bar with helium. Another length reading@ccur when only a few percent of air has leaked into the pipe
was taken. This was repeated several times to give measurtlt device works well enough to indicate when refilling is
lengths for 0 - 10% of air mixed with the helium. The resultsN€cessary.
are compared with the theory in figure 1.

6,,

Effective length (m)

Percentage of air

Figure 1. Measured and theoretical lengths as a function of percentage of air
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A Radial Shear Interferometer

C Hernandez-Gomez, J Collier, C Danson.
CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon., OX11 0QX. Email C.Hernandez-gomez@r|.ac.uk

Introduction The fringes produced by an interferometer describe the actual
An interferometer has been developed for use on the Vulcan ~ Wavefront of the laser beam. Perfectly straight fringes describe
laser system based on aradial shear concept. The interferometer a perfectly flat wavefront, any deviations from straight fringes
has a number of intrinsic features which make it ideally suited L Rt PR L T T
for use with Vulcan. Some of the important features are: it is i . i
self referencing and therefore does not require an additiona
high quality reference wavefront, it is of a common path design
which not only produces a very stable interference pattern but
combined with its self imaging properties make it ideal when
used with ultra short pul ses.

Description

Radial shear interferometers have been used in the past for
wavefront sensing ¥ 2. The interferometer designed for the
wavefront analysis is shown schematicaly in figure 1. High
contrast fringe patterns are produced by the interference of two
beams which are propagated clockwise and anticlockwise
through the device.

Figure 2. Interference pattern

BEAM SPLITTER

INPUT BEAM
B REFLECTED

I TRANSMITIED

I INTERFERED

Figure 1. Radial shear interferometer

The interferometer is designed for a 30 mm diameter linearly
polarized input laser beam and is constructed from A\10 peak to
valey optics at 1053 nm. The input beam passes through a
suitably orientated waveplate to ensure that at the 45° uncoated
BK7 beam splitter it is ‘s’ polarized. The split ratio at the beam

splitter is thus 90% transmitted and 10% reflected. Theepresent the wavefront errors. The change in distance from one
transmitted beam is expanded in diameter by a factor of threginge to the next indicates the change in phase of the
using a confocal telescope, while the reflected beam is reduceghyefront. An Optical Path Difference (OPD) map of the

in diameter by the same factor. When the expanded beamavefront generated from an interferogram is a plot of the
passes through the beam splitter for the second time only 90¥atial variation in the fringe separations. The software package
of itis transmitted and similarly 10% of the compressed beam ignalyses the light and dark fringes and plots the phase changes
reflected. This split ratio and telescope magnification results i the wavefront as a false colour (OPD) map and expresses
an equal intensity irrespective of the direction of propagation. results in terms of Root Mean Square (RMS) and Peak-to-

Interference takes place on the beam splitter between the whot@/ley (P-V) distortions, in units of wavelength.
spatial extent of the compressed beam and a small fraction
the expanded beam. The wavefront gradients are assumed to
sufficiently small in the input beam so that over the smalll. D Malacara,

interfering fraction of the expanded beam there is a perfectly Optical Shop Testing, 1978 (John Wiley and Sons),
flat or spherical wavefront. Any sphericity can be removed by Chapter5

adjustm_ent of the telescope separatiqn._SpeciaI care is tak_en in C B Edwards, P Lee, M Tatarakis,

the de_S|gn SO that_the beam splltter is |maged back onto itself ‘Single Shot Wavefront Measurement of sub-ps Laser
and this coupled with the equal intensity in each beam ensures a Pulses’. SPIE Vol 2375

100% fringe visibility. The interference pattern is imaged onto a '

CCD camera with a typical output as shown in figure 2. The3. Fringe Analysis / Wavefront - ‘FRINtom Oxford

fringe pattern is then processed to reconstruct the wavefront Framestore Applications, Oxford, U.K.

using a software packade The corresponding wavefront error

map generated from the fringe pattern shown in figure 2 is

illustrated in figure 3.

Figure 3. Reconstructed wavefront

% erences
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The Von Hamos Spectrometer - a hard X- ray diagnostic

M Notley, A Damerédll, J Leach, D Neely.

CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon., OX11 0QX

G Tallents, J Lin, R Smith, SJ Pestehe.
Physics Dept., University of Essex, Colchester

Introduction

A Von Hamos? X-ray crystal spectrometer was designed and
manufactured for use on an experiment to investigate the
properties of laser produced plasmas. The experiment was
carried out using the Titania high power laser system and aimed
to investigate the characteristics of a high density Iron plasmain
local thermodynamic equilibrium®. The targets used were
Aluminium doped Iron-Mylar coated slabs which were
designed to give a tamped (short time) plasma containing the
spectra of both Iron and Aluminium. The spectrum of
Aluminiumiswell known and can therefore be used to diagnose
the conditions under which the Iron spectra are produced. The
spectrometer was designed to collect information from the
He—f3 and Lyman-a lines of the Aluminium spectrum. This
report describes to the design and performance of the
instrument.

The Von Hamos Spectrometer Design

The important and significant difference between the Von
Hamos design compared with other crystal spectrometers
currently employed at the CLF isthe use of a curved rather than
aflat crystal to significantly enhance collection efficiency. A
crystal of dimension 20 mm x 50 mm and radius of curvature of
65 mm was implemented in our design in order to collect
information from the 2-8 A region of the x-ray spectrum, with
special interest in 6.05 A and 6.65 A - the He-B and Ly-a lines
of Aluminium. This shape of crystal allows 2 orders of
magnitude greater collection of flux from the plasma source
than that obtainable by aflat crystal of smilar dimension. The
crystal used to obtain data from the specific region of interest
was PET (Petraethylate) 100 which has a 2d lattice spacing of
8.74 A.

The instrument consists of an adjustable mounting for the
crystal onto which a cleaved crystal of 0.2 mm was curved and
attached. Also a platform holding a mounting plate for either
film or CCD and a housing, prevent stray light and hot electrons
from interfering with the data of interest, were incorporated.
The spectrometer forms 1-D image data due to the geometry of
the optics (figure 1). It can also record data on a single shot
basis by the use of an 16 bit X-ray CCD camera® or film.

Figure 1. Diagram showing the geometry of the Von Hamos
design of spectrometer using acylindrically curved crystal.
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Data collection from other regions of the x-ray spectrum is
possible with the current spectrometer design by using x-ray
crystals with different lattice spacings as shown by figure 2 or
by changing the radius of curvature to increase or decrease the
focal range.

600
KAP 2d = 25.9 A
S 500 -t Mica 2d = 19.8A
g . ——PET2d=8.74A
T E 400
[als
o<
©F 300
g g 300+
85
8 2 200
8
B
a) 100 -
0 |

5 10 15 20 2
Wavelength Range / A

Figure 2. Graph showing the wavelength ranges available using
different crystals and the distances necessary for focusing.

The radius of curvature used for the current design alowed a
specific spectral range between 6 and 6.8 A to be detected by
the CCD. The experiment required that the He- and Ly-a
lines of Aluminium be detected simultaneously and they
therefore had to fit spatially within the 28 mm length of the
CCD chip and still be within focal range.

Instrument Perfor mance

The spectrometer was installed and its performance assessed
throughout its use in the experiment. The efficiency of the
instrument was measured to be 2x10™ in the wavelength region
of interest (see figure 3). This is dependent on the collected
solid angle (10" sr at a distance of 130mm from the source), the
integrated reflectivity of the crystal @ ¥ | the sensitivity of the
CCD Chip® (~50% of incident photons) and the transmission of
the filters used (99.6%).

0.0007
0.0006 +
0.0005 +
0.0004 +
0.0003 +
0.0002 +
0.0001 +
0 f f f
2.5 8.5

Throughput Efficiency

4.5 6.5
Wavelength A

Figure 3. Graph showing the throughput efficiency of the
instrument when used with a 16 bit CCD ® & Beryllium Filter



Figure 4 shows a typical spectrum obtained with the
spectrometer. Via comparison of the Aluminium spectrum with
that of Germanium lines of known width, the wavelength
resolution of the instrument was ascertained to be better than
10 mA (athough resolution was not a major factor concerned in
the design of the instrument).

25
#070202 time-15

Te=380eV Ne=5¢22

— Experimental
Simulated

Intensity (a.u.

615 62

Wavelength (A)

625

Figure 4. Graph showing atypical spectrum obtained using the
spectrometer including a theoretical code plot

A spectrum as detected by the CCD is shown in figure 5. This
image was recorded by diffraction from the first PET crystal
used which was found to be striated causing multiple 1-D
images.

Figure 5. Spectrum as seen by the CCD from an imperfect PET
crysta - the striations causing multiple spectral recordings.

The imperfections in the structure of this crystal severely
limited the performance of the spectrometer. Therefore another
crystal was installed which gave considerably better results (see
figure 6 ). It was cleaved in-house and is estimated to have a
thickness of 0.2 mm. To prevent the stresses caused by
attaching the crystal along its whole length to the mount it was
curved and fixed only at its edges which avoided the problem of
striation, but as curvatureis still not perfect the data can be seen
to contain a dispersed spectral recording.

A perfect spectrogram would contain just one single row of
intensity peaks due to the spectral lines. The dispersed
spectrum in figure 6 may arise from the curvature of the crystal
being different at the points where it was fixed to the mount
from the rest of the crystal causing the one row of peaks to
spread out.
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Figure 6. Spectrum as seen by the CCD from the second PET
crystal - the imperfections causing a dispersed spectrum.

Crystal quality has a large part to play in the image quality of
the data and there are many factors in this including surface
quality, how smoothly curved the crysta is, reflectivity,
rocking curve effects and quality of the internal structure.

Limitations of the instrument arise from factors such as the
source size, crystal resolving power and crystal quality.
Initially the image quality and resolution of the instrument were
not as high as seen in the figure 4.

Theoreticaly the crystal is capable of easily resolving the Al
spectrum (dependence of rocking curve, lattice structure and
position of the reflective layer).

Conclusions

The spectrometer performed very well and recorded the results
as per specification enabling single shot collection of data from
the region of interest. In the future it will be possible to adapt
the design for different spectral regions by use of different
crystals and by changing the radius of curvature of the mount.

The initial design included mounting capabilities for either a
CCD detector or a film back providing versatiltiy in data
collection.

The crystal quality is difficult to perfect and is the factor which
can most affect the images. Future developments should
concentrate on finding a method to successfully bend crystals
without introducing any deformation into internal structure.
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Principles and possibilities for optical parametric chirped pulse amplifiers

I N Ross, P Matousek, M Towrie, A J Langley, J L Collier.
CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon., OX11 0QX. Email I.N.Ross@rl.ac.uk

Introduction wavelength is effectively monochromatic and conservation of
There has been much interest in the generation of extremes §€rgy demands that, = w; + @,

high power, pulse duration and intensity through the application, ,;mper of ways of realising broad bandwidth gain have been
of the technique of chirped pulse amplification (CPA) in laselyiscussed and demonstrated in the literd®#®  Two of
system8® and this has opened up for investigation new areas . ticylar relevance to the OPCPA are:

n

of research as well as extending the work in existing areas. |
different systems centred around Nd:glass and Ti:sapphira) The case of near-collinear geometry which applies for
reported powers have reached 1 PWiith intensities on target all crystals and pump wavelengths which are compatible with a
exceeding 18 W/cn? and pulse durations down to 30 fs, and ittype | process. The FWHM gain spectral bandwidth as
is expected that this is close to the limit for these laser systemscalculated using equation (1) shows large variations with

N ) . wavelength and crystal and can be very large as demonstrated in
One limitation with these systems is the level of prepulseﬁgure 1(a) for KDP and LBO. Maximum bandwidth is

intensity which can significantly perturb the target prior to
arrival of the main pulse.
experiments using solid targets which may have plasma
generation thresholds below 20W/cn? and hence require

pulse contrast ratios more than"10Existing systems have not

been able to meet this requirement except by using harmonig¢
generation after the laser.

Bandwidth (¢

It is clear that, if the energy continues to be limited by
compressor grating technology, then the route to yet higher
powers lies through a reduction in pulse duration, and this
requires an amplifier with increased gain bandwidth at high
energy. Such an amplifier exists and is well known. It is the~
optical parametric amplifier (OPA).

Bandwidth (cm

Properties of optical parametric chirped pulse amplifiers

The scheme under consideration is that in which an OPA is
pumped by a beam from a laser (possibly Nd:glass, Ti:sapphire,
Nd:YAG, KrF etc.) operating in an energy efficient mode. This
will commonly lead to a pump beam with relatively narrow
spectral bandwidth and long pulse duration, typically about~
1 ns, and the OPA is then used to amplify a large bandwidth ané
chirped ‘signal’ pulse of equal pulse duration prior to re-
compressiofi®.  This scheme will be referred to as optical
parametric chirped pulse amplification (OPCPA).

3
3
3
2
I
@

Bandwidth
The gain bandwidth of an OPA can be estimated using the
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= . ) .~ achieved by operating with a small phase mismatch at the
This is especially difficult in degeneracy point.
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analytical solution of the coupled wave equations in the slowlyFigure 1. Dependence of the OPA gain bandwidth (FWHM) on
the signal wavelength for (a) KDP and LBO in collinear

varying envelope approximation and assuming flat top spatial
and temporal profiles and no pump depletion.
gain (G) and phase) of the amplified signal beam are giv&n
by:

The intensitygeometry and for (b) LBO in optimised non-collinear geometry,
calculated for the pump wavelengths (1) 249 nm, (2) 351 nm,
(3) 400 nm, (4) 526 nm, (5) 800 nm and (6) 1053 nm and pulse

duration 0.5 ns. Lower curves show gain and phase calculated

for the maximum bandwidth in case 4. A small phase mismatch

has been introduced to maximise the gain bandwidth. The

1.5 J/crA for KDP and LBO respectively

crystal length was adjusted for x1000 gain at fluencies of 1 and

The second case is for an optimised non-collinear

geometry. For an angle) between pump and signal beams,

6=1+ (T’
b=A- tan~t AtanhB 1)
b)
where:  ARKL2 i B=4(yL)? - (BKL/2)?

the phase matching angle is calculated for the centre signal
wavelength and the bandwidth again calculated using
equation (1). The maximum bandwidths (for optimised values
of a) are plotted in figure 1(b).

I

. - _ p
gain coefficienty) 4T[deﬁ\/ 26,0 0 nCA
Figure 1 shows that very large gain bandwidths are possible in

phase mismatchikL)= (Ky-Kski)L OPAs at a variety of wavelengths.

and where: L = amplifier length; 4d= effective nonlinear There is a ‘gain-narrowing’ effect in OPCPAs due to the
coefficient; |, = pump intensity generally non-flat pump temporal profiles rather than the usual

The phase mismatch is calculated from the material inde?ffrecé artlislggi:lromlthe;prectitril g?'?hd'St?nbu"tf'ior;' -I::;S rgsuiltsnlr}
curves, noting that in the case being considered the pum?) eductio pulse duration of the ampiified chirped signa
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(and hence also its bandwidth) leading to longer pulses after r&ain

compression. - Although it is not generally possible to have & high gain is desirable in a high power amplifier as it reduces
flat-top pump pul_se profile thls_ef‘fect can be reduced 10 afhe amount of material in the beam (minimising the nonlinear
acceptable level if the OPCPA is heavily saturated and if thefects and effects of dispersion) and reduces the physical

crystal is detuned to slightly reduce the gain for the centralongih of the system (giving less aberration from air).
wavelength.

As examples, if the materials BBO, LBO and KDP are pumped
Pulse duration with 0.5 ns pulses at 526 nm and at intensities below the

The shortest possible pulse duration after re-compression of thdamage threshold, the gain coefficients are respectively 12, 12,
amplified chirped pulse is given by the Fourier transform of the apd 2.4 C!TJI. A system, as outlined below, deS|gneq for a small
output spectrum, taking into account both the spectral gain andSignal gain of 4x18 has less than 5 cm of material in three
phase as shown in figure 1. For the example of LBO in non- amplifiers and may be genuinely tabletop in size. These

collinear geometry, figure 2 shows that pulses as short as 7 fs coefficients can be compared to typical values for Nd:glass and
are possible. Ti:sapphire of 0.1 and 2.3 chrespectively.

LBO Beam quality

ezt The compact size of the OPA amplifier helps to minimise
L aberrations on the signal beam. Two further features of the OPA
L are also significant for beam quality.

Intensity

One is the property of the OPA which allows efficient
amplification of an un-aberrated signal beam without transfer of
S N o pump beam phase aberrations. The only requirement on pump
50 30 1o o 20 0 beam aberrations is that the pump beam divergence must be less
Time (fs) than the phase matching angular tolerance. For large beams

] ] . with KDP at close to collinear geometry the pump beam can be
Figure 2. Pulse temporal profile for a 5 fs pulse amplified in - many times the diffraction limit.

LBO, corresponding to the spectral gain and phase of figure
1(b). The phase terms up to tHé@&der have been removed. The second feature of an OPA is the absence of significant
thermal aberration. This follows from its 100% quantum

There are also contributions to the spectral phase from thefficiency and from an absence of significant absorption at the
compressor and from group velocity dispersion and self phageump, signal and idler wavelengths. Such a system could
modulation, and these can reduce the fidelity of the reoperate very close to the diffraction limit.
compressed pulse as calculated for figure 2. However
calculation of these contributions for the OPCPA indicate thaBm contrast

they can be kept acceptably small. It is important in any system to assess the contributions which
reduce the final pulse contrast. These come from ASE,
Energy capacity prepulses or imperfectly compressed pulses. For conventional
For the proposed OPCPA systems the maximum output sign&Ser gain media, the ASE intensity on target is given in the
energy is given by: limit of high gain by:
Es = nSFDA (2) — Fs A)\ ASE
lase = 5 . .G 3)
16F“Txpp A
where A = crystal area; pF= pump beam fluence limit,

c}Nhere G = net small signal gain; s E saturation fluence;

F = F.No. of focusing optic; Trap = Upper state radiative
lifetime; AAase = ASE spectral bandwidth;A = laser gain
The efficiency can be calculated by solving the coupled wav@andwidth

equations for the case of pump depletion, see for example ) . . .
Armstrong et dP. An important feature of the process is that For a PW Nd:glass laser with a;l'lzsapphlre front end this gives
the efficiency is cyclic with the parametet f, not asymptotic ~ an estimated value ofde = 1.3.16° W/ent .

as for example with second harmonic generation, indicating that,, the OPCPA the ASE intensity on target is given for high
as bL? is increased beyond the 100% point energy begins t%ain by

flow back into the pump beam. Consequently it is not possibl

to achieve complete conversion for real beams which do not T hv.Av

have flat intensity profiles in space and time. For examplelase = — ——— (4)
simulations indicaf® a maximum efficiency of 32% into the 4F A

signal beam for flat-top spatial and Gaussian temporal profiles,

and this has been confirmed by experirffént where:

normally set at, for example, 50% of the damage threshol
ns = pump to signal energy optical parametric efficiency.

v
= noise source (1 photon/modf&)

Higher efficiencies are possibfe and have been
demonstrateéd by profiling of the input pump and signal In this case for a PW system the estimated ASE intensity on
beams. target is 7 x 18 Wicn?, a factor of 17 less than for Nd:glass.

As an example KDP, which can be grown to sizes > 30 cm, calm addition, unlike most conventional amplifiers, the gain

be operated without optical damage at mean fluences up window in an OPCPA is no longer than the pump pulse

~2 Jlcm . If n= 30%, then the signal beam energy can beduration which is the same length as the signal pulse in the

amplified to more than 400 J, assuming the availability of thexmplifier (typically 1 ns). Consequently only prepulse ASE and

necessary 1330 J of pump energy. noise on the signal within the gain time window will be
amplified.
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Practical OPCPA designs

We present two practical designs of OPCPA system with very
different specifications to show that the scheme can offer
significant advantages over existing systems in very different

Facility Developments — Laser R&D

Maximum power and intensity using a large Nd:glass laser

Nd:glass laser
1500 J SHG

regimes.

A ‘simple’ millijoule system

527 nm/ 0.5 ns

A typical design and calculated performance are illustrated in 7 14903
figure 3. This scheme has wide application as a short pulse CPA
amplifier in femtosecond systems. It can be regarded as a less 6mJ 9J
complex aternative or replacement to for example regenerative seed source LBO LBO KDP 400 J
and multi-pass Ti:sapphire amplifiers, and offers better (11832‘;32?8%05”5* Pre?mpl [ preamd 1 1053 nm
performance by providing higher gain bandwidth, lower group ' 130000x
LT . ) - X 3000x
velocity dispersion, lower B-integral, lower thermal distortion
and higher contrast ratio. 1000x
6.00E+11
L 9
Nd:YAG laser (Q-switched) 5.00E+11 F -
0.6J SHG 4.00E+11 [ 5 5
532 nm/5ns - F g
§ 3.00E+11 | 3 9
11 £
~063 2.00E+11 1
1.00E+11 F 3
imJ L
p 0.00E+00 = : -5
lnyg%rﬁfn || BBO || BBO 15mJ 1500 -1000 -500 O 500 1000 1500
(10.5 fsstretched to 0.5 ns) pre-ampl 840 nm Wavenumber (cm™)
15000x
1000x | FWHM in=10.5fs b)
FWHM out = 19 fs
3.50E+07 [ r
3.00E+07 | I
2 I
2.50E+07 | 2 L
) 3]
© 2.00E+07 F g £
© [} L t
© 1.50E+07 | @ _ ou
_8 L n
1.00E+07 | |
5.00E+06 [
0.00E+00 st -50 -30 -10. 10 30 50
-2500 -1500 -500 500 1500 2500 Time (fs)
Wavenumber (cm'”) Figure 4. Petawatt OPCPA design pumped by a high power
Nd:glass laser. (8) Thetotal gain and phase together with
FWHM in= 10.5 fs b) the assumed input pulse spectrum and the system spectral gain.
[ FWHM out = 14 fs (b) Fourier transforms of the input and output pulses. The phase
i terms up to the 3 order have been removed.
>
% [ This scheme, shown in figure 4, uses as pump source the second
gt harmonic of the high energy available from a Nd:glass laser.
This type of laser has excellent characteristics as a pump laser
I because it operates with best energy efficiency for spectraly
F narrow pulses of duration well suited to efficient compression
- using available large area gratings. The laser output energy was
50 30 10 10 30 50 taken to be 3 kJ since i_t provides at @he second harmonic an
Time (fs) energy close to the maximum that a single beam OPCPA can

Figure 3. OPCPA design for a 600 mJ frequency doubled
Nd:YAG laser. (a) Thetotal gain and phase, together with the
assumed input pulse spectrum and the spectral gain. (b) Fourier
transform of the input and output pulses. The phase terms up to
the 3 order have been removed.
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use consistent with the largest available crystals ((30 cm) and
measured damage thresholds ([2 Jcm?). The OPCPA system is
athree stage amplifier with a total net gain of 4x10™. The final
‘power’ amplifier is KDP type | working close to degeneracy
and slightly non-collinear to enable downstream angular
separation of pump, signal and idler beams. The signal source
is a modelocked Ti:sapphire oscillator spectrally broadened and
chirped by self phase modulation in an optical fibre. After
transmission through a pulse stretcher the pulse duration is
0.5 ns. The final OPCPA amplifier is assumed to yield a 30%
extraction efficiency giving an output energy of ~ 400 J which
is within the capacity of the largest available commercial
compressor gratings. Assuming a single pass compressor with

CLF Annual Report 1997/98



Facility Developments — Laser R&D

70% throughput and a further 20% loss due to spectral clipping.
on the grating?®, 224 J is available for focusing to target.

The pulse duration achievable on target is determined by the.
product of the source bandwidth and the OPCPA gain
bandwidth, combined with other effects in the compré@sor
We can expect an oscillator bandwidth of 1000 @ince this

is achieved with commercial Ti:sapphire lasers. Figure 4
shows, for the OPCPA system, the calculated output spectrug
which Fourier transforms to a pulse of duration 19 fs, also
shown in figure 4. Based on examples given'?h and
assuming gratings flat t4/200 cm' rms, the estimated pulse 9.
duration on target is 21 fs. With 224 J in 21 fs, the power on
target is 11 PW.

It is more difficult to estimate the achievable intensity on target
because of uncertainties in the realisable quality of optics.

However, taking into account the optical simplicity of the 11

OPCPA scheme an output beam < 1.5 x DL can be expected.
Out of flatness errors ak/200 cm® rms on the compressor

gratings and similar errors on the focusing paraboloid may bé2-

expected to resultin a 2 x DL spot on target, yielding, for an F/1
paraboloidal focusing mirror, an expected intensity on target of5
2x107 Wicn?.

Conclusions

There are exciting new possibilities for achieving very high
power and intensity and very short pulse duration using opticajs
parametric chirped pulse amplifiers. Their favourable
properties, particularly the parametric gain bandwidth and the

availability of large aperture devices, offer the prospect ofl6.

reaching much higher powers and intensities than have so far
been considered. These amplifiers may also be included i

many smaller short pulse laser systems both reducing their *

complexity and cost and giving enhanced performance.

18.
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Optical parametric chirped pulse amplification - experimental progress

K Osvay.
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I N Ross.
CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon., OX11 0QX. Email I.N.Ross@r|.ac.uk

Introduction Spectral amplification with tuneable signal pulses

Having established the principles of optical parametric chirpedrigure 2 shows the measured spectral amplification in LBO for
pulse amplification (OPCPA) and its potential for major collinear (a) and non-collinear (b) geometry. The central
enhancement of existing laser faciliflest was necessary to wavelength and the effective pump intensity were 830 nm and
embark on an experimental programme, initially at a smal#90 MW/cn¥, respectively. In agreement with the theory, it can
scale, to verify the theoretical predictions and establistbe seen that the amplification bandwidth increased enormously
sufficient confidence to initiate a larger scale developmentvhile the peak gain dropped only slightly.

programme.

The principle aims of the experiments were to confirm the a)
predicted gain, gain bandwidth and extraction efficiency for 40
both LBO and BBO optical parametric amplifiers in non-

collinear geometry, using both chirped and unchirped signal 30
pulses.

a =0°

Experimental arrangement 20

The layout of the experiment is shown on figure 1. For
measuring the non-collinear amplification bandwidth the signal 10
pulses were provided by a tuneable OPO-OPA laser

(Continuum Sunlite) with a pulse duration of 2.3 ns. For the 0 T[T T T T TR
Frellmlna_ry test of OPCPA and saturation, sub-50 fs pulses 810 820 830 840 850 860
rom a Ti:S laser were used. In both cases we used the 5 ns Wavelength (nm)

second harmonic pulses from a Q-switched seeded Nd:YAG
laser as pump pulses. b)
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Figure 2. Bandwidth of optical parametric amplification in
LBO for collinear (a) and non-collinear (b) interacting pulses.

Measuring the spatial beam distribution of the interacting beams
Figure 1. Experimental layout for measuring @neplification as well as the input and output energies, the efficiency of the
of a non-collinear and non-degener@RCPA system. process could be calculated. Using a 15 mm long BBO crystal

at a pump intensity of 430 MW/Gnwe have managed to

o deplete the pump and obtain an efficiency of 57 %, close to the
The measurement of broadband spectral amplification Wag eoretical maximum.

carried out in the following way. The phase matching angle of
the optical parametric crystal (OPC) was aligned to a centrahmplification of fs pulses

signal wavelength. Changing the wavelength of the signal, th‘Ia'he 811 nm, 50 fs signal pulses were too short to be amplified

amplification and pump depletion were measured using th%ir . .
. ectly in 15 mm BBO because of pump depletion, so the
IMsy, JIMs; and J/Mby, J/Mg, power meters, respectively. In the o zeen chirped and stretched topl.G%s inp a slab of SF{O

case of the fs signal pulses, the spectral amplification wa I . .
measured using a monochromator / photodiode instead gf J/Malass. The spectral amplification was determined by comparing

the unamplified and amplified spectra. The bandwidth of a
power meter. collinear OPA (figure 3a) is slightly broader than it would be
expected from the theory. The reason for this is the strong
depletion of the pump which results in a saturation effect
similar to that of traditional amplifiers.
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a)

a =0°

Gain

'
'
!
)
I
)

$
Cod
INT{‘\\\I‘\\\\‘\\\I‘\\I\‘\\\\‘
790 800 810 820 830 840 850
Wavelength (nm)

¢

b)
60000
o =2.38°

790 800 810 820 830 840 850
Wavelength (hm)

Figure 3. The bandwidth of an optical parametric amplifier in
collinear (8) and non-collinear (b) geometry.

Working with an OPA at a non-collinear angle close to the
condition of the broadest spectral amplification, the full
spectrum of our 50 fs pulse can be amplified (figure 3b). The
very high gain could only be measured with a substantia
reduction of the incoming signal energy prior to amplification.
Even in the case of 10 attenuation of the nJ signal pulses the
comparison with the theoreticaly achievable bandwidth
(figure 4) shows, however, a dight depletion at and around the
central wavelength.

. .
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20004/
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O . LI | I T 1T I LI | I L |--I
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Wavelength (nm)

Figure 4. The measured (dotted) and calculated (solid) gain of
aBBO OPA in non-collinear geometry.
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Deter mination of thelimits

There are several effects which limit the maximum achievable
gain of an OPA, namely damage threshold of the crystal,
threshold of optical parametric lasing in the crystal, group
velocity dispersion and lateral walk-off. In the course of the
experiment the damage threshold of the crystals and the self-
lasing threshold have been measured:

LBO: no multiple shot damage occurred up to the flux of
6.4 Jom? or to the corresponding intensity of 1.3 GW/cn?.
Because of the low non-linear coefficient and hence modest
gain, no self lasing was observed.

BBO: there are several examples of damage threshold data
in the literature but these are not consistent. The possible
reason of this uncertainty is the extreme sensitivity of BBO
to the method and the repidity of crystal growing. Our BBO
(purchased from CASIX) survived many thousands shots of
5.6 Jom?- (1.1 GW/cm?) and also a few shots of 8 Jem?
(1.6 GW/cm?). At the geometry and crystal used the
inclination to self lasing was, however, fairly high and
always happened when the pump intensity exceeded the
intensity of 1.1 GW/cm?
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Progress in adaptive optics for laser beam phasefront control
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Introduction to Delphi from Turbo Pascal was more fundamental, in that

The devel t imed at duci Ki large parts of the original program handling the user interface
€ development programme aimed at producing & Working ..o giscarded in favour of the Delphi interface structure. The

adaptive optical phasefront corrector has continued throughomIJ utines for analyzing an image: identifying and centroiding

:Ee )r/]ea;, and we dh?r:/ N m?tde S|gnlc\<;anrt] |mpro|vemer:1ts to dbogPots, calculating slopes, wavefront curvature and optical path
€ har hwe;re an t'e S0 ware;:. i € have asbo 3 ange ﬂ?H fferences, and those for manually applying voltages to the
approach 10 corrécting waveiront errors, abandoning e ,a1qrs and the all-important relaxation procedure were
original idea of direct curvature correction, and substituting 3etained. New code was written to control the process of
more _gene_ral techn_lque based on t_he response matrix of t %nerating the matrix and reading the inverted matrix back into
adgptlve mirror. .Th's has the potential t_o overcome a proble e main program. A suite of diagnostic routines was written to
which appeared insoluble under aur previous approach. export data from the program into Excel files for analysis; these
routines were customised and added to as the process of

Improvementsto the hardware -
; ) ) debugging the code progressed.
The early version of the corrector, described in last year's

Annual Repo, needed two PCs running different operatingMirror control algorithm

;sﬁ/stems, ?ne totcallpttrllJre zndt_analy_ze theTl;:artm?nn |ma%¢ 36% first attempts at controlling the mirror by measuring and
€ other 1o control the adaptive mirror. ese two mac Ine%orrecting the local curvature within the beam area, and then

have_ novv\\;_ %een rNe$Ij\ceddt:% a S"?gl‘la TZOgM:;'Z Pelntlufrtn P sing the outer actuators to apply slope corrections to the beam
running Windows » and the original Turbo Fascaj softwarg dges, were partly succes$fuHowever, we were unable to

has been translate_d into the Delphi Ianguag(_e o provide a s_.imp velop an algorithm for the edge slope correction which could
and elegant user interface. The other major change is in the, incorporated into the control loop, so we abandoned this

wavefront sensor, which was formerly a simple Hartmann plateapproach in favour of one using the slope influence mattix
with a screen several metres away, imaged by a CCD Camelgntinad by: '
This has been replaced by a Shack-Hartmann-type sensor In '
which an array of computer-generated Fresnel zone plates is s=Hv Q)
used instead of the conventional array of lenses. The array Wa% . . .
made using techniques developed for the fabrication of randof{ 1€r€s 1S the vector of slopes in x and y, ands the voltage

phase plates for focal spot shaping on Vidcafihe zone plates vector.s has x- and y-elements for each Hartmann spot (e.g.

in consequence, each individual plate has only two com |etg1easureH, the mir_ror is r_elaxed fo it;‘. standard conditipn, a
d ! P Y P étage of +64 V is applied to the first actuator, the image

zones: a clear central zone and an opaque second zone. R

main lens has a focal length of about 1 m. The pattern of focqaptured, the spots cent_roi_ded _and the slopes at each point
formed by the combination fits within the CCD chip, and calculated. If a slope matrix is being constructed, the slope data

consists of spots with FWHM diameters of 8 - 10 pixels which@re written directly to a file, otherwise the slopes are further
is a good size fomccurate centroiding. The spots aré well- processed to yield curvatures or OPDs which are written to the
separated, and there are only very weak interference peaﬂLe instead. The mirror is relaxed once more, and the whole

between adjacent spots, so identification of the spots is easy aRiPcess repe{;\ted W'.th the same voltage applied to t_h_e next
the background illumination level is low. The ability of the actuator. This continues until the effect of each individual

sensor to measure small spot displacements is increased by'a\%tuator on the mirror has been recorded. One colurkhisf

factor M, defined as the ratio of the original beam size to thégenerated for each actuator, so the final matrix 2@ rows
size of the spot array on the camera. and 60 columns. The elements Idf are scaled by 1/64 to

correspond to unit applied voltage on the actuators.
The accuracy of centroiding was checked by measuring th . .
position of a spot before and after making a small, calibratedl?‘.h't3 .Ln‘?”XH ftellsltus the sltc;]pes _that a;e producz_ad tLor a gltveln
displacement. A glass plate in the beam just in front of théi_'tS rlt_u lon of voitages ?rt]h € mlrrqtr.. owever, |r; fe contro d
camera was tilted through a known angle, moving the spots by uation we requw;s just the %’FEEO)S' €. given e:(se ho tmeaﬁure
calculated distance on the CCD. Displacements as small as 1/ pes (or curvatures or s), we ask what voltage

of a pixel could be made by this technique, and the accuracy strib_ution will b_est_ re_produce th_e qua_ntities we observe.
determining the centroid of a spot was found to be typicall pplying such a distribution to the mirror with the sign reversed

+1/10 of a pixel. A check was also made on the mirrorShould result in the best poss;ible_ single-step correction of the
relaxation routine, which is designed to restore the mirror to Q68M- We thus seek the matrix which satisfies:

standard condition after it has been deformed in any way. An v=HTs @)
oscillating voltage with an exponentially-decaying envelope is ‘. ) . 1.
applied simultaneously to all actuators, so the mirror is taker‘("hefe[‘| 'SKHOWH qsthe psaJdOInversgof H (theinverse H™ is
repeatedly around its hysteresis cycle at ever-decreasinit defined since H is not a square matrix).

amplitude, the entire process taking a few seconds. Aftefpe gt of equations (2) represent a common problem in linear
deformation and subsequent relaxation, the Hartmann Spol§shematics of an overdetermined system, i.e. there are many
return reproducibly to within about 1/10 pixel of their original ore equations than there are unknowns. There are well
positions, i.e. within the limits of the measurement accuracy.  eqaplished techniques for handling such systems which use
least squares methods for finding a solution that minimises the
| mprovements to the software error in S(Hv-92 The solution so obtained will yield a

The first change to the software was the conversion to Windowsseudoinverse matrix, and hence a voltage vector which gives a
NT, which mainly required the installation of different drivers pest fit to the observed slopes.

for the framestore board and the output interface. The change

175 CLF Annual Report 1997/98



Facility Developments — Laser R&D

The most stable way to solve the least squares problem is callece determined experimentally. The determination of the
“singular value decomposition” or SVD. It is routinely available influence function matrix and the computation of its
in linear mathematics libraries such as NAG or LAPACK, andpseudoinverse can be done quite quickly under software control

is included in Numerical Recipesnd in the Mathematica
package. The SVD of the mattikis given by:

H=usv' ©)

whereU andV are orthogonal matrices ari#lis a diagonal

matrix the elements of which;(sare all positive or zero. The

positive elements are known as the singular valugs.dfhe

and can be used to recalibrate the correction system. Effects
such as ageing of actuators and new beam alignments can be
rapidly accounted for. It does, however, rely on the linearity of
the system to obtain the best fit solution. Unfortunately,
piezoel ectric transducers are not linear devices and in fact show
significant hysteresis. There are two ways to cope with this
problem. One is to neglect it and rely on closed loop operation

key property of an orthogonal matrix is that its inverse is thdo arrive at the best wavefront after a few cycles. The other way

same as its transpose, and hence the pseudoinveldeiof
given by:

HT=VvsU" @)
where S' is diagonal with elements:
s'=stifs>0,5"=0if5=0. (5)

Using Mathematica on a 200MHz Pentium PC, the SVD of a
200 by 60 matrix takes about ten seconds. Subsequent
manipulations include transposing the matrices U and V, and
adjusting the values s before multiplying the matrices together
to obtain the pseudoinverse. The final matrix is saved in afile
from which it is read into an array in the main program. The
computation carried out in the control loop is the multiplication
of the measured slope vector by H' to give the control voltage
vector, and this step can be very fast. At the time of writing the
system has not been shown to work in closed-loop mode, either
to remove the wavefront distortion introduced by the residual
curvature of the adaptive mirror itself, or to actively correct
imposed errors in the wavefront.

This matrix method of control has a number of advantages in
principle. It is extremely direct, since if dopes are used it
requires no computation on the wavefront sensor data apart
from the single matrix multiplication. However, it does not need
to be restricted to slope control and will work just as well with
phase or curvature sensors. It is tolerant of addressing errors
because the location of the actuator on the beam and its effect
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is to introduce a lineariser into the piezo drive circuits. If this
can be done with reasonable economy of computation so that
the loop time is not greatly increased, then this approach will
lead to a significantly faster system.

Futureplans

Once the control software has been debugged and the entire AO
system is capable of stable closed-loop operation, it is intended
to construct a larger mirror for installation on the Vulcan CPA
beam. The actua mirror will require multiple pieces of PZT, as
the largest single piece available is 70 mm square, which is too
small for the 108 mm beam diameter. Some development will
be needed to ensure that the mirror stiffness remains constant
across the boundaries between PZT segments. The design of
the actuator layout will take into account which aberrations
contribute most to the overall wavefront distortion, to give the
best match between the modes of the mirror and the errors.
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Efficient frequency mixing using chirp compensation

K Osvay’, | N Ross.
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Introduction measurements carried out at different chirps of the generating
The main limitation to efficient broadband frequency pulses. The ratio of the ch?rmlﬁz have been calculated from
conversion originates from the dispersion of the non-lineathe measured pulse durations. The length of the longer pulse
crystal. To overcome such severe restrictions on efficiency, aff2) unchanged in the course of each series is also shown. It can
alternative technique in thedhhas been proposed in which the be seen that in agreement with the theory the peak of the
generating beams to be mixed in the nonlinear material areandwidth-efficiency product (i) increases with less stretched
chirped at different chirp rates such that the phase matchingenerating pulses; (i) occurs at lower chirp ratio when the
condition can be met at all times. pulses are less stretched and (jii) there is a factor of 40 between
. ) . ] the lowest and highest figure of merit obtained in the
For experiments scaling physical and chemical phenomena W'@xperimerﬁ’. The broadest bandwidth is generated around

pulse length, it would be extremely useful if the pulse duratior /g,~-3 whereas the narrowest tuneable pulses obtained at -1.
is easily varied. Spectral shaping of ultrashort pulses provides

this possibility at the expense of poor temporal contrast due to 100 T, [fs]
spectral diffraction on the mask. ]

— - —@— 1330
In this paper we show experimentally that the bandwidth and 3 80 B --o- a8
the spectral position of a pulse generated by frequency mixing S, 60 —A— 22
can be independently tuned by changing the chirp of and the ] -O- 465
delay between the generating pulses, respectively. é‘w 40 - —X— 362

é 7 -
Theory 20 —
In our description of the broadband scheme we consider a ] X
collinear type | mixing process, where the ordinas<w, O =T T T T T T T T T T
waves generate the extraordinasywave. The frequencies are 8 6 4 2 0 2 4 6 8 10
assumed varying with time. For perfect generation the total [31/[32

phase mismatch of the procésp=0 should be satisfied in time
and in space simultaneously. This requirement can be fulfilled Figure 1. The product of the generated bandwidth and the
by introducing a chirpf;, B,) into the initial fields, so it can be efficiency vs. the chirp ratio of the generating pul ses.
interpreted as chirp-assisted group velocity matching (CGV),
The ratio of these necessary chirps is determined by the grou
velocities of the interacting waves, while their optimum value
are set b}/ GVD as well as by the need for high conversio
efficiency?.

n example of the spectra tuning achieved in our experiment is
otted in figure 2. Since the process depends on the interacting
andwidths, the delay is given in units of the generating
andwidth 1/Aw,. The generated bandwidth is kept amost
constant over the whole tuning range with the spectra tuning
Narrow band operation can be described more easily on thesolution of 2.4cm?, which could be easily improved by
basis of the above picture. If the two generating pulses arssveral orders of magnitude by using a longer crystal and more
substantially stretched by approximately the same amount bhighly stretched generating pulses.
with opposite sign, there are only very few frequency pairs

satisfying the phase matching condition and this results in 3007:
narrow generated bandwidth. Moreover, a change of delay T'E 200 -3 s| T [fs]
between the input pulses gives rise to a spectral tuning of the & ] o ® 133
generated field within the achievable largest generated o 100 O s
bandwidth. It is worth noting that in this tunable narrow band £ 1 A o2
case an increase of the crystal length leads to an increase of 2 0— O o2n
efficiency along with narrowing the generated bandwidth. This '@ 7
description of the CGV scheme applies equally in the case of ‘8‘ -100 —
type Il processes. o ]

0 -200 —
Experlmental T T ‘ 1T ‘ 1T ‘ 1T ‘ T T ‘ 1
The theoretical predictions have been tested by an experiment -60  -40  -20 0 20 40
carried out using 50 fs pulses from a Ti:S oscillator. The Delay (1/80)

744 nm beam is negatively stretched (down-chirped) by a . . )
double pass prism stretcher, then split into two. One part of the ~ Figure 2. Spectral tuning ranges from the experiment.
beam is overcompressed by glass slabs while the other pafiferences

remains unchanged in pulse duration but its polarisation is

rotated. Recombining the two beams after appropriate timing- K.Osvay, I.N.Ross,

and focusing weakly into a 0.65 mm type Il BBO crystal the ~ JOpt.Soc.Am. B 13 (1996) 1431

generated 372 nm spectrum along with the generating 744 n

spectra have been recorded. Measurement of both generated and ;Sﬁtzdl(ll\lgggsﬁ

input powers established the efficiency.

The overall figure of merit of this new scheme can be defined as
the product of the generated bandwidth and the efficiency.
Figure 1 shows the essential summary of the series of
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Intense Terawatt Laser Facility for Femtosecond Atomic and Molecular Science
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Introduction Thelaser system

The combination of titanium-doped sapphire (Ti:S) laserFigure 2 shows an overview of the laser system. A Spectra
technology with chirped-pulse amplification (CPAgchniques  Physics Ti:S oscillator is pumped by a large frame argon-ion
has set new standards in high-power femtosecond puldaser. The oscillator produces 50 fs pulse at 790 nm with about
generation in recent years. Figure 1 illustrates the essentiaD nJ per pulse. The pulses are stretched to about 200 ps in an
features of CPA. A femtosecond pulse derived from arall-reflective stretcher comprising 1500 lines/mm gratings and
oscillator is stretched in a grating stretcher to a few hundredoncave mirror (ROC = 730 mm), shown in figure 3. The
picoseconds. After amplification in a medium such asgrating stretcher has been designed to take advantage of the
Ti:sapphire, a grating compressor is used to recover the originalttrow geometry for minimum aberration. The angle of
short duration input pulse. This technique is essential if highincidentq o iS given by

energy amplification is to be achieved without encountering

nonlinear distortion of the amplified beam or destroying the . _ A

fidelity of the pulse. Pulses as short as 20 fs are now available SN Aitwow = %

with terawatt peak powers, at repetition rates of 10-56Hz,

and with multigigawatt peak power at kilohertz rates. ThiswhereA is the wavelength of the laser and d is the line spacing.
progress in laser technology has opened the way t&or a 1500 line/mm grating used in our configurat@fyow =
investigating and exploitng a wide range of high-field 36° 52”. Currently the system is being run in a near Littrow
phenomena in the intensity range 10" Wcm? using small-  configuration with plans later in the year to convert both the
scale laboratory size laser systems. stretcher and compressor to the Littrow geometry.

Here we report on phase | of the development of a table-top
terawatt laser system for experiments in atomic and molecular

physics.
pulse pul ses stretched oulse
source to e
5-50fs  100s of picoseconds compression
grating solid state grating
illator & - - | PSR I
oscillato stretcher aTﬁl_';')er compressor
30fs~ 10 pulse
optical cycles amplification

Figure 1. The concept of chirped-pulse amplification in a solid state amplifier
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Figure 2. The table-top terawatt system at the Rutherford Appleton Laboratory
gold coated pulses to test that the stretched pulses were successfully
1500 lines A recompressed to 50 fs duration. Figure 4 shows autocorrelator
grating traces obtained before stretching and after compression. The
i small difference is due to different autocorrelators being used

1500 lines/mm

grating for the input and output pulses. Amplified pulses were also

monitored on a single shot autocorrelator. A typical
autocorrelation is shown in figure 5. We plan to undertake
high-dynamic range autocorrelation measurements in order to

ot U / determine the contrast of the compressed pulse.

outpt )

@8 ‘reto’ mirror The spatial beam quality was determined by focusing the beam
50fs @800 nm through a 5Qum pinhole with a 500 mm focal length lens. The

Figure 3. Stretch design for the terawatt programme beam was found to be about 1.5 times the diffraction limit.

The oscillator is isolated from down-beam reflections byThe spectrum of the amplified beam shown in figure 6 is
passing the beam through a Faraday rotator placed before tREghtly redshifted from that of the unamplified pulses due to
stretcher. This allows the input and output beams in th&ain pulling towards the gain maximum at 795 nm. The
stretcher to be co-linear for minimum beam aberration. The

Faraday isolator also directs the stretched pulse beam to the __ S0fs (PWHM) input into stretcher and compressor
amplifier. 14

The preamplifier

The stretched pulses are amplified in a multi-pass confocal
amplifier. This consists of four spherical mirrors (ROC =
2000 mm) and a 7 mm long Ti:S rod (Crystal Systems.
FOM=150 andas14 = 4.8) pumped with 67 mJ from a Spectra
Physics GCR 270-10 Nd:YAG laser. After the first five passes
the pre-amplified pulse train is extracted from the amplifier and
passed through a pulse picker to reduce the repetition rate from
82 MHz to 10 Hz. The selected pulse is then reinjected into the -
amplifier to boost its energy to about 2 mJ. The amplifier -300 250 -200 -150 -100 -50 0 50 100 150 200 250 300
provides a total net gain of 4 x®.0The beam is then expanded delay /s

to 4 mm in Galilean telescope prior to compression.

output

014

log (autocorrelation signal)

0.014

For current user experiments the pulses are compressed to 50 fs  Figure 4. Rapid scanning autocorrelation traces of

using a pair of 1500 lines/mm gratings in a parallel unstretched 50 fs oscillator pulses and pulses after the
arrangement. The stretcher and compressor were set up using  compressor.The insert shows a linear plot of the
rapid scanning autocorrelators with unamplified oscillator autocorrelation.
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With 6.5 W average pump power incident on the Ti:sapphire
crystal we expect to observe some thermal lensing. The thermal
lens has a focal length,diven by

2k
“" Pdn

f

where k = thermal conductivity of the raflis the radius of the
pumped area, Pis the average power of the pump laser
absorbed as heat into the rod, and dn is the change of refractive
index with respect to temperature. For our system we expect
f= 35 m (k = 0.33 WerdK ™t and dn = 12.6 x TOK™ for Ti:S)

which will result in a diminishing beam size though the
amplifier if not corrected by the insertion of a suitable negative
lens.

Figure 5. Single shot autocorrelation of the amplified laser putse amplified beam will be expanded before compression to a

T T T T T T

104

o =g ot
~ o @
f 1 1

normalised intensity

o
N
!

e
o

70 780 79 800 810 820
wavelength/ nm

Figure 6. Spectrum of amplified pulse

20 T T T T
A

15f B
x10

lonsigna

lontime-of-flight / s

Figure 7. Time-of-flight spectrum of argon

diameter of between 20-25 mm in order to reduce the fluence
on the compressor gratings to well below the damage threshold
of 100 mJ/crh

In addition we need to consider the intensity dependent
nonlinear phase contribution better known as self-phase
modulation. A measure of this is given by

27rn,

1w

where 1 is the nonlinear refractive index of the material (for air
n,=3 x 10%° cn? W and for fused silica#3 x 10% cn? WY).

The equation, known as the “B-integral’”, is related
approximately to the nonlinear group delay hy/dd=B/dv,
where d is the spectral half-width. If, for example, we take
B=1 and assume a pulse bandwidth of 20 nm then an additional
optical delay of 17 fs is obtained. Since the intensity varies
across the beam there would also be phase distortion resulting
in poor beam quantity. In short, for this as in other high power
pulsed laser systems, the B-integral should remain below a
value of 1. The design parameters will be selected to ensure
that this condition is obtained.

W) =

Other developmentsto be undertaken

The Spectra Physics Ti:sapphire oscillator will beaeptl with

a 20 fs all solid state mirror dispersion controlled system
pumped by a frequency doubled cw diode-pumped Nd:¥VO
laser.

The preamplifier will be pumped by a Continuum SureLite
Nd:YAG custom built to provide 150 mJ at 532 nm with a pulse
duration of 22 ns. The lengthened pulse duration over a
standard 8-10 ns Nd:YAG should reduce the likelihood of
damage to the Ti:S amplifying crystal.

To aid identification of phase distortions in the amplified pulses
we will be building a device to obtain frequency-resolved

modulation on the unamplified beam is due to a waveplatgptically-gated (FROG) measurements

placed in the system to allow the measurement to occur.

Figure 7 show the time-of-flight spectrum of argon after

interacting with the intense femtosecond laser pulse.

Th

Summary
We have demonstrated the amplification of 50 fs pulses to the

observation of the Af shows that we can obtain, with f/3.5 millijoule level at 10 Hz repetition rate. The system has

focusing, intensities greater than*a.@vem?,

Proposed development of a TW power amplifier

performed well for five scheduled experiments (see articles
elsewhere in this CLF Annual Report). We have outlined our
objective of generating terawatt pulses before the end of the

A power amplifier, yet to be commissioned, will comprise aY€ar-

four pass “bow-tie” configuration pumped by the remainingTaple 1 summarises the achieved laser performance in phase |

650 mJ from the Spectra Physics GCR Nd:YAG. We expect tanq the expected performance after phase Il of the development
obtain about 100 mJ from this amplifier. The parameters of thﬁrogramme to be completed by September 1998.

Ti:S rod used in the amplifier will be similar to that in the

preamplifier.
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Figure 8 shows Dr lan Williams from the Queen’s University,
Belfast setting up an experiment in the Femtosecond Science
Laboratory.
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| | Phasel Phase | i

Pulse energy 1imd >40 mJ

Pulse duration 50 fs 40 fs

Peak power 20 GW >1 TW
Focused intensity | >10' wem? | >5x10" Wem?
(f/2)

Waveength 800 nm 800 nm
Repetition 10 Hz 10 Hz

Table 1. Summary of performance
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Dual Diode Array System for Transient Absorption Spectroscopy
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Introduction Specifications

Femtosecond transient absorption spectroscopy is a technigele absorbance sensitivity < fo

for interrogating electronic transitions of photochemically« repetition rate 0.8 kHz
prepared short lived intermediates. In combination with the time-resolution 500 fs

structural information obtained from picosecond transient
resonance Raman spectroscopy (pS)TRorovides a powerful

(unremoved chirp ~2 ps/100 nm)

¢ number of channels 512 px/array

tool for studying solution phase systems and disentangling  cyrrent wavelength range

complex data.

Reference \

Prohe Eﬂzﬁw
Grating

Fﬂtﬂ
(_.u mh iner

Cartiery 2

We have recently commissioned a state-of-the-art dual diode  0.003
array transient absorption system at the Lasers for Science a)
Ultrafast Spectroscopy Laboratory to enhance the capability of
the existing ps-TRapparatus. The system was custom built to
our specifications by Laser 2000 Ltd/Cronin Electronics GmbH
and enables the simultaneous detection of transient absorptiong ..,
electronics <

accomplishes real-time pulse-to-pulse data normalization. This o001 |
system has the same sensitivity as the single channel system oo
used previously but gives two orders of magnitude higher 0.000 —

signals across a wide spectral range. Fast

probe 420-700 nm
(to be extended)
pump  (OPA) 205-2200 nm
e pump pulse energy ~J
¢ spectral resolution ~15 nm
e detection window ~200 nm

The detection system yields the transient absorption spectra at
given time delay (see figure 1) obtained by probing using white-
light continuum. At the same time the data contains the kinetic
information which can be viewed by plotting the absorbance
signal versus time delay at any given wavelength (see figure 2).

The psl/fs optical parametric amplifier (OPA) system at the front
end gives virtually unlimited choice of pump wavelength
(220 - 2200 nm, > uJ).

0.002

0.002 | @ 462 nm

rbance

L

signal-to-noise than the previous multichannel CCD detector -20 0 20 40 60 80 100

arrangement.

0.0030

30 ps Duraquinone (5 mM) in ethanol

0.0025 -

0.0020 -

0.0015 ~

Absorbance

0.0010 +

0.0005 ~

0.0000 T L * NN —~—
0 480 530 580

-0.0005 -

-0.0010

/[/ Wavelength (nm)

I

Figure 1. Transient absorption spectrum of duraquinone
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0.00005 -

0.00000 . .

-4
-0.00005

time delay (ps)

Figure 2. Sections through transient absorption data shown in
figure 1 at different wavelengths.

(5 mM) in ethanol at various time delays. The pump wavelength

was 400 nmgccumulation time was 10 mins for each

spectrum).
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SCHEDULESAND OPERATIONAL STATISTICS
1) Vulcan
2) Titania
3) Lasersfor Science Facility — RAL Based

4) Lasersfor Science Facility — Laser Loan Pool
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Vulcan Operational Statistics

D A Pepler.
CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon., OX11 0QX, UK. Email D.A.Pepler @RL.AC.UK

In this reporting period (April ‘97 to March ‘98) a major facility interaction studies.
development programme, namely the Phase | Petawatt upgrade, . . . . .
was commissioned and fourteen other experiments have be perimental set-ups continue o increase In complexny and
conducted. The majority of the experiments were for EPSR bout_60% of the_shots into the target areas were required to
with one experiment for the EU TMR Large Scale FacilitieseSt_a‘bIISh beam {imings, crystal tunings _and to set-up _and
access programme. A broad range of experiments have takgﬁl'br'?‘te the |Q§truments and  establish the required
place with a god level of laser shots. The majority of the experimental conditions.

experiments have been in the two main target areas; weshble 1 indicates the full statistics for the experimental

(TAW) and east (TAE).

A total of 8868 shots were
fired during the year with
4795 shots into the laserTAE
area for test or alignment 50%
purposes and 4073 shots
delivered to the target
areas. These are
comparable to last year's
totals (5027 into the laser
area and 4679 into the
target area). The total
number of shots has fallen
by a little more than 9%.
Nonetheless a total of 1497
disc amplifier shots were
fired for laser-plasma

TA4
6%

Chart 1 Relative number of target shots per area

TAW
44%

programme giving totals for

the number of shots fired,
target shots (disc shots) and
failed target shots for each
individual experiment and

area (maintenance weeks
not shown). Chart 1

indicates the relative

breakdown of the target
shots fired into each area.

No significant down time
was experienced during the
year with only odd days
being lost due to pulse
timing, capacitor bank, or
rod amplifier problems.

EXPERIMENTAL
PERIOD

(Total number of shots - Target shots - Failed target shots)

EXPERIMENT

Apr '97 - Mar '98

TAE TAW TA4
31 Mar - 27 Apr Phase | Petawatt
28 Apr - 11 May Holhraum Petawatt commissioning
12 May - 8 June (516 - 102 - 2) (445 -39-0) Ultra Dense plasma studies
(265)
16 June - 29 June X-ray laser radiography X-ray laser
30 June - 27 July (152-96-5) (380-76-2)
4 Aug - 17 Aug X-ray scattering Spectroscopy
18 Aug - 14 Sept (317 -130-2) (118 - 102 - 0)
22 Sept - 5 Oct Holhraum Short pulse propagation
6 Oct - 2 Nov (520 - 130 - 4) (336-77-3) Ultra Dense plasma studies
10 Nov - 23 Nov X-ray laser Solid target interaction
24 Nov - 21 Dec (167 - 146 - 1) (176 - 111 - 3)

5Jan - 18 Jan X-ray laser radiography EU TMR experiment
19 Jan - 15 Feb (196-163-5) (262 - 125 10)
23 Feb - 8 Mar X-ray scattering Spectroscopy
9 Mar - 5 Apr (295 - 94 - 6) (193 - 106 - 6)
Totals (2163 - 861 - 25) (1910 - 636 - 24) (265)

Table 1. VULCAN statistics for the year ending March '98
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Titania Operational Statistics
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Scheduled operations

The second year of operations on Titania saw an increased
amount of scheduled experimental time (see Tablel.). In dl
eight experiments were run, totaling 35 weeks, a 60% increase
over 1996/7. Seven of the experiments were scheduled for the
EPSRC. The remaining one formed part of the EU TMR
programme. The laser was operated in CPA mode and, for the
first time, in Raman and Materials Processing modes.

The remaining time was devoted to routine maintenance,
scheduled shutdowns and to detailed investigation of system

performance, in particular of the CPA far-field beam quality
and of the Raman amplifier energy conversion efficiency. Both
of these parameters were improved significantly during the
year.

There was some unscheduled downtime associated with pulsed
power failures, mainly on the Sprite preamplifier. This problem
was being addressed at the end of the year with a redesign of
the Sprite PFL switches, described in more detail elsewhere in
this report.

Experiment Ingtitution Dates Laser Pulse Pulse Energy | Target
(incl Setup) Configuration | Duration (typical) Shots
Raman commissioning RAL (Shaw) 1.4.97-11.5.97 Raman 30ps 81J 345
Solid target interactions | RAL (Norreys) 12.5.97-22.6.97 Raman 30ps 8J 81
Materials processing | Nottingham Trent 30.6.98-6.7.97 MP 15ns 1Jem? 47
(Thomas)
Raman commissioning RAL (Shaw) 28.7.97-7.9.97 Raman 30ps 81J 234
Femtosecond FSU Jena 13.10.07-23.11.97 CPA 350 fs 300 mJ 91
acceleration (Sauerbrey)
High energy density Essex/RAL 5.1.98-15.2.98 CPA 350 fs 300 mJ 214
X-ray source (Talents & Rose)
X-ray spectroscopy Oxford (Wark) 16.2.98-8.3.98 CPA 350 fs 300 mJ 50
Materials processing | Nottingham Trent | 16.3.98-22.3.98 MP 15ns 1Jem? 31
(Thomas)

Table 1. Scheduled experiments on Titania
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Schedule of RAL-Based Experiments at the Lasers for Science Facility 1997/98

Femtosecond

Science
Laborator

Laser
Microscope

Nanosecond
Science

Laboratory Laboratory

Ultrafast
Spectroscopy
Laborator

X-Ray
Laboratory

31-Mar-97 FREY 31-Mar-97
(Southampton)
07-Apr-97 MAINTENANCE MICHETTE/ 07-Apr-97
Studies of BUCKLEY/TURCU
atmospheric aerosol (KCL/RAL)
material by
14-Apr-97 surface SHG COMMERCIAL TRUSCOTT/ Laboratory Scanning | 14-Apr-97
CONTRACT PARKER X-ray Microscope
(Keele/RAL)
21-Apr-97 FLA4C3/96 JONES/MOUNT XU5P4/97 21-Apr-97
(Edinburgh) Solvent Dependence
of the picosecond
28-Apr-97 Photophysics of TR3 Spectra of [THOMAS/STEVENS/| 28-Apr-97
Novel Carotenoids CRANTON
Electropolymerised (Not’hm Trent)
Indoles US2C4/97
Materials Engineering
for Electro-
luminescent Displays
XU6M4/97
05-May-97 SCHOLES/PHILLIPS BIJKERK/ 05-May-97
/| PARKER SHMAENOK/STUIK
(Imperial (FOM, Holland)
12-May-97 LM2C4/97 College/RAL) 12-May-97
Optimisation of
Narrowband Extreme
Resonance Raman | FEMTOSECOND | Ultraviolet Source for
19-May-97 TERAWATT Excitation Profiles of | AND TRANSIENT Applications in 19-May-97
FEMTOSECOND Chromophore ABSORPTION Lithography
DEVELOPMENT Aggragates DEVELOPMENT
26-May-97 NS2C4/97 XU5P1/97 26-May-97
02-Jun-97 MACROBERT/ TRUSCOTT/ CAIRNS/ 02-Jun-97
PHILLIPS PARKER/ FITZGERALD/
(UCL/Imperial) TAVENDER LAWRENSON
(Keele/RAL) (Dundee)
09-Jun-97 GR/L37458 Time-Resolved BROWN 09-Jun-97
Fluorescence Bio- Time-Resolved (ucL) Manufacture of Next-
imaging Resonance Raman Generation
Studies of Carotenoid Femtosecond Photomasks for
Radical Cations Kinetics of ESIPT in | Electronic Devices
3-hydroxyflavones and Sensors
XU2M4/97
16-Jun-97 LM3B4/97 US1C4/97 WILSON/TURCU | 16-Jun-97
(Heriot Watt/RAL)
23-Jun-97 NS4C4/97 23-Jun-97
Diamond Etching with
the Laser Plasma X-
ray Source
30-Jun-97 CREST 30-Jun-97
XU7M4/97
07-Jul-97 BEEBY/FAULKNER | MAINTENANCE FOLKARD/PRISE/ | 07-Jul-97
(Durham) MICHAEL
(Gray Lab)
14-Jul-97 BISBY TRUSCOTT/ 14-Jul-97
Time-Resolved (Salford) PARKER Focused laser plasmal
Imaging of Biological (Keele/RAL) generated vacuum-
Systems using UV X-rays to
Neodymium determine the
21-Jul-97 Complexes Time-Resolved Solvent Dependence | action-spectra for the| 21-Jul-97
Resonance Raman | of the picosecond induction of DNA
LM1C4/97 Spectroscopy and TR3 Spectra of damage for low-
laser flash photolysis Cartenoids energy photons
XU3B4/97
28-Jul-97 COSTELLO/ 28-Jul-97
MCGUINESS
(DCU, Dublin)
Continued...
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Date

Femtosecond
Science

Laser
Microscope

Laboratory Laboratory

Science

| Nanosecond |

Date

04-Aug-97 ROSS/MATOUSEK/ | PHILLIPS/PARKER 04-Aug-97
DANSON (1C) Spatially Temporally
(RAL) resolved dual laser
plasma
photoabsorption with
11-Aug-97 Optical Parametric |TR3 studies of charge| extreme UV 11-Aug-97
Chirped Pulse transfer continuum light
Amplifiers source
NS3AP1/97
18-Aug-97 SIMPSON/TOWRIE/ XU6P1/97 18-Aug-97
GRIFFITHS
25-Aug-97 (Oxford/RAL) US2C1/97 MAINTENANCE | 25-Aug-97
WEEK
Energy Transfer and
Laser
01-Sep-97 Induced Photolysis of MILANI/BATANI |01-Sep-97
Physisorbed (Milan, Italy)
Molecules on
08-Sep-97 Dielectric surfaces LONG/BRADLEY Differential, two 08-Sep-97
using Infrared and (Sheffield) colour X-ray
Ultraviolet lasers radiobiology in yeast
cells
15-Sep-97 Emission dynamics 15-Sep-97
NS4C1/97 under high excitation
in polymers
22-Sep-97 JONES/MOUNT |ROSS/MATOUSEK!/ XU7P1/97 22-Sep-97
(Edinburgh) DANSON US1P1/97
(RAL)
29-Sep-97 VLCEK O'NEILL 29-Sep-97
Photophysics of novel| Optical Parametric (Queen Mary) (MRC)
electro-polymerised Chirped Pulse
Indoles Amplifiers
06-Oct-97 Dynamics of metal- | DNA modification by | 06-Oct-97
LM01C1/97 NS3BP1/97 ligand bond splitting 193 nm light
XU2B1/97
13-Oct-97 MacROBERT MAINTENANCE US3C1/97 CRANTON/THOMAS | 13-Oct-97
(UCL) WEEK ISTEVENS
(Nottingham Trent)
Materials engineering
for high efficiency full
colour TFEL devices
XU9AN1/97
20-Oct-97 Confocal PHILLIPS/PARKER | PHILLIPS/PARKER MICHETTE/ 20-Oct-97
fluorescence lifetime (IC/RAL) (IC/RAL) BUCKLEY/TURCU
imaging microscopy (KCL/RAL)
27-Oct-97 | LANGLEY/ROSS/ TR3 Studies of 27-Oct-97
TADAY/ Charge Transfer
CODLING/NEWELL/
RILEY/ US5AC2/97
03-Nov-97 WILLIAMS/ LM02B1/97 TRS3 Studies of SETA Laboratory Scanning [ 03-Nov-97
PRESTON Charge Transfer (CNRS France) X-ray Microscope
(RAL/Reading/
Glasgow/UCL/QUB/ Photoinduced
Oxford) absorption studies
10-Nov-97 JONES/MOUNT NS2 1/97 in porphyrin triads 10-Nov-97
Femtosecond Laser (Edinburgh)
Post-development US8C1/97
17-Nov-97 | Pilot Experiments |Photophysics of novel BISBY XU1P1/97 17-Nov-97
electro-polymerised (Salford)
FL3P1/97 Indoles
24-Nov-97 INEWELL/WILLIAMS/| LM01C1/97 Time-Resolved KLUG CRANTON/THOMAS | 24-Nov-97
SANDERSON spectroscopy of (1C) ISTEVENS
(UCL/QUB) protein-Radical (Nottingham Trent)
enzymes Evaluation and
application of an  |Materials engineering
NS01B1/97 ultra-short laser  |for high efficiency full
produced X-ray colour TFEL devices
source
XU9BN1/97
Continued...
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Laser

Nanosecond
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Ultrafast

Science Microscope Science
Laboratory Laboratory I
01-Dec-97 Interaction of PHILLIPS/PARKER CAIRNS/ 01-Dec-97
femtosecond pulses (IC/RAL) FITZGERALD/
with ground state and LAWRENSON
excited (Dundee)
08-Dec-97 |molecules & +ve ions TR3 Studies of US9P1/97 08-Dec-97
Charge Transfer The manufacture of
next generation
photmasks for
electronic devices
and sensors
XU1AP2/97
15-Dec-97 FL2AP2/97 NS3AC2/97 PHILLIPS/PARKER | O'NEILL/MELVIN/ |15-Dec-97
(IC/RAL) PARKER
(MRC/RAL)
US5BC2/97
XU2AM2/97
22-Dec-97 22-Dec-97
29-Dec-97 29-Dec-97
05-Jan-98 FRASINSKI/ PHILLIPS/PARKER | PHILLIPS/PARKER MAINTENANCE 05-Jan-98
CODLING (IC/IRAL) (IC/IRAL)
(Reading)
12-Jan-98 JONES/MOUNT TR3 Studies of TR3 Studies of O'NEILL/MELVIN/ | 12-Jan-98
(Edinburgh) Charge Transfer Charge Transfer PARKER
Hole migration in
Multiphoton DNA
dissociative ionization
of H2 with XU2BM2/97
19-Jan-98 ultrashort 3rd Photophysics of novel NS3BC2/97 US5C2/97 MICHETTE/ 19-Jan-98
harmonic Ti:S laser | electro-polymerised BUCKLEY/TURCU
pulses Indoles (KCL/RAL)
LM3C2/97
26-Jan-98 MAINTENANCE FERREIRA 26-Jan-98
(Lisbon, Portugal)
02-Feb-98 FL1P2/97 MacROBERT/ Laboratory Scanning | 02-Feb-98
PHILLIPS Photophysics of X-ray Microscope
(UCL/IC) cyanine dyes
09-Feb-98 [NEWELL/WILLIAMS/ 09-Feb-98
SANDERSON Confocal US6C1/97
(UCL/QUB) fluorescence lifetime
imaging microscopy
16-Feb-98 Interaction of OELKRUG 16-Feb-98
femtosecond (Tubingen, Germany)
23-Feb-98 | pulses with ground LM4B2/97 XU3P2P/967 23-Feb-98
state and excited Photoinduced
molecules & +ve ions absorption in highly
ordered films
02-Mar-98 JONES/MOUNT CRANTON/THOMAS | 02-Mar-98
FL2BP2/97 (Edinburgh) Us7C1/97 ISTEVENS
(Nott'm)
Electroluminescent
displays
XU4E2/97
09-Mar-98 | Commissioning of |[Photophysics of novel| O’NEILL/MELVIN/ FREY CAIRNS/ 09-Mar-98
ultrashort pulse electropolymerised PARKER (Southampton) FITZGERALD/
oscillator Indoles (MRC/RAL) LAWRENSON
(Dundee)
Reaction of excited
state nucleic acid
bases with oxygen
The manufacture of
NS1AM2/97 next generation
16-Mar-98 Investigation of photmasks for 16-Mar-98
surface chemistry electronic devices
using SHG and sensors
23-Mar-98 LM3C2/97 23-Mar-98
US3C2/97 XU1BP2/97
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Schedule of the Lasers for Science Facility’s Laser Loan Pool 1997/98

Date
April | ASHWORTH WHITEHEAD _ McK ENDRICK SIMONS FRENCH WITHNALL
7 Bristol M anchester Edinburgh Oxford Liverpool Greenwich
14 JONES
21 LP1C2/96 Edinburgh LP9 C2/96 LP5 C2/96 L PAC3/96 LP1M3/96 LPB3/96
28 TURBERFIELD
May Detection and LP2B3/96 Oxford - Charge separation Study of
12 identification of & the primary upconversion
19 low- Laser desorption L P5P3/96 processes emmission from
26 lying electronic supersonic jet extended in acid base Er(3+) Co-doped
June states spectroscopy of _ SIMS/SMITH catalysis with Yb(3+) into
9 of transition metal tyrosine The fabrication Birmingham sol-gel silica
16 compounds using peptides UA and glasses under
23 laser induced assessment of 3-D LP2C4/97 POTTON IR light excitation
30 grating photonic Salford
\h|y spectroscopy - crystals Reactive processes -
14 inthe gas L P5P197
28 COSTELLO M anchester ultralow Adaptive signal
Aug. | X-RAY 3wks - temperatures processing Tests of Tsunami
11 LP2C197 SIMONS nhmlrllﬁgjmin Millennia system
18 Oxford glass spatial filter RAL
25 SIMS DENNING An investigation of HANCOCK +
Sept. | Birmingham Oxford the Oxford - LP6C197 ROSS
8 inelastic scattering RAL
15 LP7C197 LP1C197 and LP4C197 Charge separation NS03P1/97
22 trapping / GRAHAM in
29 Reactive processes The correlation desorption Reaction QuB hydrated molecular Optical
Oct. 6 in gas phase at crystal field in of dynamics clusters. parametric
13 ultra-low lanthanide Br2 + GaAs (100) with LP3P197 amplification
21 temperatures: spectroscopy monoenergetic of chirped
28 reactions of atoms Detection of pulses
Nov. 3 C-atoms sputtered
10 atoms Extended
17 Div. Heads
24 Extension HICKEN
Dec. Exeter
8 FRENCH
15 Liverpool L P6P2/97
22
29 HANCOCK Div. Head Generation of
Jan. ELLIS POWIS GEORGE Oxford optically triggered
12 L eicester Nottingham Nottingham SMITH High speed magnetic field
19 Birmingham - LP5C2/97 filming of flow pulses with ultrafast
26 LP2C2/97 LP7C2/97 LP3C2/97 dynamics rise times
Feb 2 LP9C2/97 GRAHAM Reaction dynamics surrounding a
9 | Stimulated emission Competitive Time resolved QuB with plasma plume
16 pumping dynamical spectroscopy in Rovibrational monoenergetic during laser
inonventional
23 spectroscopy processes in UV conventional and energy EXTENSION atoms induced plasma
Mar 2 of the alkali excited polyatomic |  supercritical fluids transfer and - deposition
9 monoxides molecules rotational
16 effectson
23 bimolecular MAINTENANCE
30 reactions & HICKEN
Apr 6 REPAIR GILKES Exeter
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Publications

PUBLICATIONS

1) Science — High Power Laser Programme
2) Science — Lasers$or Science Facility Programme

3) Facility Developments
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Science - High Power Laser Programme

JOURNAL PUBLICATIONS, BOOKS AND PUBLISHED
PROCEEDINGS

A Behjat, G J Tallents, D Neely
The characterization of a high-density gasjet
JPhys D-Applied Physics 30 (20) 2872-2879 (1997)

A D Badger, R Evans, F Fdllies, T A Hall, M H Mahdieh,

P Audebert, J-C Gauthier, J-P Geindre, A Djaoui, A Antonetti,
A Mysyrowicz

Femtosecond laser driven shock waves

Advancesin Laser Interaction with Matter and Inertial Fusion,
Proceedings of 24th ECLIM Eds G Velarde, JM Martinez-Val,
E Minguez, JM Perlado, publ World Scientific 661-664 (1997)

A R Bdll, JR Davies, S Guerin, H Ruhl

Fast-electron transport in high intensity short-pulse laser light
at relativistic intensities

Plasma Physics and Controlled Fusion 39 (5) 653-659 (1997)

M Borghesi, A Giulietti, D Giulietti, L Gizzi, A Macchi,

D Nedly, O Willi

Underdense plasmas from thin films: production,
interferometric characterisation and short-pulse interaction
studies

Advancesin Laser Interaction with Matter and Inertial Fusion,
Proceedings of 24th ECLIM Eds G Velarde, JM Martinez-Val,
E Minguez, JM Perlado, publ World Scientific 581-584 (1997)

M Borghesi, A JMacKinnon, L Barringer, L A Gizzi, C Meyer,
O Willi

Propagation of a short laser pulsein preformed plasmas at
relativistic intensities

Advancesin Laser Interaction with Matter and Inertial Fusion,
Proceedings of 24th ECLIM Eds G Velarde, JM Martinez-Val,
E Minguez, JM Perlado, publ World Scientific 633-636 (1997)

R E Burge, G E Slark, M T Browne, X-C Yuan,

P Charalambous, X-H Cheng, C L S Lewis, A MacPhee,
D Neely

Spatial coherence of x-ray laser emission from neonlike
germanium after prepulse

JOSA B-Optical Physics 14 (10) 2742-2751 (1997)

JR Davies, A RBell, M G Haines, SM Guerin
Short-pulse high-intensity laser-generated fast electron
transport into thick solid targets

Phys Rev E 56 (6) 7193-7203 (1997)

T Ditmire, E T Gumbrell, R A Smith, A Djaoui,

M H R Hutchinson

Time-resolved study of nonlocal electron heat transport in high
temperature plasmas

Phys Rev Letts 80 (4) 720-723 (1998)

D L Foulis, SJRose, T D Beynon
Transient multicentre electronic structure in dense plasmas
J Quant Spectr & Rad Trans 58 (4-6) 577-583 (1998)

D Gordon, K C Tzeng, C E Clayton, A E Dangor, V Malka,
K A Marsh, A Modena, W B Mori, P Muggli, Z Ngimudin,

D Neely, C Danson, C Joshi

Observation of electron energies beyond the linear dephasing
limit from a laser-excited relativistic plasma wave

Phys Rev Letts 80 (10) 2133-2136 (1998)

M J Grout, G J Pert, A Djaoui

Propagation effects in optical-field-induced gas mixture
breakdown for recombination x-ray lasers

J Phys B-Atomic Molecular and Optical Physics 31 (1) 197-207
(1998)

Publications

D JHeading, A Machacek, L C Whitford, A JVarney,
JSWark, RW Lee, R Stamm, B Talin

Rapid generation of approximate optical spectra of dense cool
plasmas

J Quant Spectr & Rad Trans 58 (4-6) 619-626 (1997)

D JHeading, JSWark, RW Lee, R Stamm, B Talin
Comparison of the semiclassical and modified semiempirical
method of spectral calculation

Phys Rev E 56 (1) 936-946 (1997)

D Hoarty, A Iwase, C Meyer, J Edwards, O Willi
Characterization of laser driven shocksin low density foam
targets

Phys Rev Letts 78 (17) 3322-3325 (1997)

D H Kaantar, L B DaSilva, S G Glendinning, F Weber,

B A Remington, SV Weber, E Wolfrum, M H Key, D Nedly,
N SKim, JSWark, JZhang, CL SLewis, A McPhee,
JWarwick, A Demir, JLin, R Smith, G JTallents, J P Knauer
Measurements of laser imprint by XUV radiography using an
X-ray laser

Advancesin Laser Interaction with Matter and Inertial Fusion,
Proceedings of 24th ECLIM Eds G Velarde, JM Martinez-Val,
E Minguez, JM Perlado, publ World Scientific 164-167 (1997)

N SKim, A Djaoui, M H Key, JSWark, D Neely, S G Preston,
M Zepf, C G Smith, A A Offenberger

Numerical modelling of the optical field ionized nitrogen
recombinant XUV scheme

Advancesin Laser Interaction with Matter and Inertial Fusion,
Proceedings of 24th ECLIM Eds G Velarde, JM Martinez-Val,
E Minguez, JM Perlado, publ World Scientific 511-514 (1997)

D H Kaantar, M H Key, L B DaSilva, S G Glendinning,

B A Remington, J E Rothenberg, F Weber, SV Weber,

E Wolfrum, N SKim, D Neely, JZhang, J S Wark, A Demir,
JLin, R Smith, G JTallents, CL S Lewis, A MacPheg,
JWarwick, J P Knauer

Measurements of direct drive laser imprint in thin foils by
radiography using an x-ray laser backlighter

Physics of Plasmas 4 (5 Pt2) 1985-1993 (1997)

R JKingham, A R Bell
Enhanced wakefields for the 1D laser wakefield accel erator
Phys Rev Letts 79 (24) 4810-4813 (1997)

JY Lin, GJTdlents, A Demir, SB Healy, G J Pert
Optimization of double drive pulse pumping in Ne-like Ge x-ray
lasers

JAppl Phys 83 (4) 1863-1868 (1998)

A Lorenz, A K L Dymoke-Bradshaw, A E Dangor

Optical multi-frame system with one gated intensifier asa
diagnostic for high-speed photography

Measurement Science & Technology 8 (6) 676-678 (1997)

V Malka, A Modena, Z Ngjmudin, A E Dangor, C E Clayton,

K A Marsh, C Joshi, C N Danson, D Neely, F Walsh

Second harmonic generation and its interaction with relativistic
plasma waves driven by forward Raman instability in
underdense plasmas

Physics of Plasmas 4 (4) 1127-1131 (1997)

D Neely, P Norreys, M Zepf

A high efficiency soft X-ray and optical spectrometer design
Advancesin Laser Interaction with Matter and Inertial Fusion,
Proceedings of 24th ECLIM Eds G Velarde, JM Martinez-Val,
E Minguez, JM Perlado, publ World Scientific 669-672 (1997)
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Publications

PV Nickles, M Schnurer, M P Kaachnikov, W Sandner,

V N Shlyaptsev, C N Danson, D Neely, E Wolfrum, J Zhang,
A Behjat, A Demir, G JTallents, P JWarwick, C L SLewis
Transient inversion XUV lasersin Ti and Ge

Soft X-ray lasers and applications 11, Eds JJ Rocca,

L B DaSilva, SPIE 3156 80-85 (1997)

P A Norreys, C N Danson, A P Fews, F N Beg, A R Bell,

A E Dangor, P Lee, M Tatarakis, M E Glinsky, B A Hammel
Maximum ion energy and hot electron temperature
measurements for picosecond solid target interactions between
10" W cm? and 10" W cm?

Advancesin Laser Interaction with Matter and Inertial Fusion,
Proceedings of 24th ECLIM Eds G Velarde, JM Martinez-Val,
E Minguez, JM Perlado, publ World Scientific 613-616 (1997)

P A Norreys, A P Fews, F N Beg, A R Bell, A E Dangor, P Leg,

M B Nelson, H Schmidt, M Tatarakis, M D Cable

Neutron production from picosecond laser irradiation of
deuterated targets at intensities of 10™° W e

Plasma Physics and Controlled Fusion 40 (2) 175-182 (1998)

P K Patel, JS Wark, D JHeading, A Djaoui, S J Rose,

O Renner, A Hauer

Simulation of X-ray linetransfer in a cylindrically expanding
plasma

J Quant Spectr & Rad Trans 57 (5) 683-694 (1997)

P K Patel, J S Wark, O Renner, A Djaoui, S JRose,

D JHeading, A Hauer

Experimental and simulated profiles of the Al XIII Ly-a
resonance line froma cylindrically expanding plasma
J Quant Spectr & Rad Trans 58 (4-6) 835-844 (1997)

S G Preston, D M Chambers, R S Marjoribanks, P A Norreys,
D Nedly, M Zepf, JZhang, M H Key, J S Wark

Generation of bright, extreme-ultraviolet harmonic radiation
from a krypton fluoride laser

J Phys B-Atomic Molecular and Optical

Physics 31 (5) 1069-1082 (1998)

M Protopapas, C H Keitel, P L Knight
Atomic physics with super-high intensity lasers
Reports on Progress in Physics 60 (4) 389-486 (1997)

U W Rathe, C H Keitel, M Protopapas, P L Knight

Intense laser-atom dynamics with the two-dimensional Dirac
equation

J Phys B-Atomic Molecular and Optical

Physics 30 (15) L531-L539 (1997)

O Renner, E Krousky, D Salzmann, P Sondhauss, E Forster,

A Djaoui, K Eidmann

Search for plasma shiftsin higher transition lines of aluminum
Lyman series

Advancesin Laser Interaction with Matter and Inertial Fusion,

Proceedings of 24th ECLIM Eds G Velarde, JM Martinez-Val,
E Minguez, JM Perlado, publ World Scientific 340-343 (1997)

O Renner, D Salzmann, P Sondhauss, A Djaoui, E Krousky,
E Forster

Experimental evidence for plasma shiftsin Lyman series of
aluminum

J Phys B-Atomic Molecular and Optical

Physics 31 (6) 1379-1390 (1998)

O Renner, P Sondhauss, D Salzmann, A Djaoui, M Koenig,
E Forster

Measurement of the polarization shiftsin hot and dense
aluminum plasma

J Quant Spectr & Rad Trans 58 (4-6) 851-857 (1997)
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D Riley, R A Smith, A JMackinnon, O Willi,

M H R Hutchinson

Interaction of high intensity picosecond laser pulses with large
preformed plasmas

Laser and Particle Beams 16 (1) 101-113 (1998)

SJRose, D L Foulis, P Gauthier

The effect of transient molecules on the bound-bound
contribution to the radiative opacity at the centre of the Sun
J Phys B-Atomic Molecular and Optical

Physics 31 (4) L127-L133 (1998)

B Rus, P Zeitoun, T Mocek, S Sebban, M Kalal, A Demir,
G Jamelot, A Klisnick, B Kralikova, J Skala, G J Tallents
Investigation of Zn and Cu prepulse plasmas relevant to
collisional excitation x-ray lasers

Phys Rev A 56 (5) 4229-4241 (1997)

GJTadlents, JY Lin, A Demir, A Behjat, R Smith, J Zhang,
E Wolfrum, JSWark, M H Key, CL SLewis, A G MacPhee,
S P McCabe, P JWarwick, D Neely, SB Healey, G J Pert,
PV Nickles, M P Kaachnikov, M Schnurer

X-ray laser enhancement with multipulsing

Soft X-ray lasers and applications |1, Eds JJ Rocca,

L B DaSilva, SPIE 3156 30-41 (1997)

M Tatarakis, F N Beg, P Lee, A E Dangor, S Moustaizis
X-ray emission from plasmas generated by 450 femtosecond
excimer laser pulses

Physica Scripta 55 (6) 651-653 (1997)

JSWark, SJRose, PK Patel, A Djaoui, O Renner, A Hauer
Astrophysically relevant experiments on radiation transfer
through plasmas with large velocity gradients

Physics of Plasmas 4 (5 Pt2) 2004-2010 (1997)

P JWarwick, CL SLewis, SMcCabe, A G MacPhee,

A Behjat, M Kurkcuoglu, G J Tallents, D Neely, E Wolfrum,
SB Healy, G J Pert

A study to optimise the temporal drive pulse structure for
efficient XUV lasing on the J=0-1, 19.6 nm line of Ge XXIII
Opt Comm 144 (4-6) 192-197 (1997)

E Wolfrum, M H Key, D Neely, SJRose, A Demir, JLin,

R Smith, G J Talents, D H Kalantar, B A Remington,

SV Weber, N SKim, JZhang, C L S Lewis, A McPhee,
JWarwick

Measurement of single mode imprint by XUV laser radiography
Advancesin Laser Interaction with Matter and Inertial Fusion,
Proceedings of 24th ECLIM Eds G Velarde, JM Martinez-Val,
E Minguez, JM Perlado, publ World Scientific 168-171 (1997)

E Wolfrum, JWark, JZhang, D Kaantar, M H Key,

B A Remington, SV Weber, D Neely, S Rose, J Warwick,

A MacPhee, CL SLewis, A Demir, JLin, R Smith,

G JTdlents

Measurement of single mode imprint in laser ablative drive of a
thin Al foil by extreme ultraviolet laser radiography

Physics of Plasmas 5 (1) 227-233 (1998)

N C Woolsey, J S Wark

Modeling of time resolved x-ray diffraction from laser-shocked
crystals

JAppl Phys 81 (7) 3023-3037 (1997)

N C Woolsey, D Riley, E Nardi
Kilovolt x-ray scattering from a plasma
Rev Sci Instr 69 (2 Pt1) 418-424 (1998)

WYu,MY Yu,JZhang, Z Xu

Harmonic generation by relativistic electrons during irradiance
of a solid target by a short-pulse ultraintense laser

Phys Rev E 57 (3 PtA) R2531-R2534 (1998)



M Zepf, M Castro-Colin, D Chambers, S G Preston, J S Wark,
JZhang, C N Danson, D Neely, P A Norreys, A Dyson,

A E Dangor, P Lee, M Bakarezos, P Loukakos, S Moustaizis,
A P Fews, P Gibbon

Irradiance scaling of harmonics from solid targets
Advancesin Laser Interaction with Matter and Inertial Fusion,
Proceedings of 24th ECLIM Eds G Velarde, JM Martinez-Val,
E Minguez, JM Perlado, publ World Scientific 601-604 (1997)

JZhang, A G MacPhee, JLin, E Wolfrum, R Smith,

C N Danson, M H Key, CL SLewis, D Neely, JNilsen,
G JPert, GJTalents, JS Wark

A saturated X-ray laser beam at 7 nanometres
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membrane/cytoplasmin yeast cells and lymphocytes
Advancesin Optica Biophys SPIE 3256 195-205 (1998)

A D Scully, R B Ostler, A JMacRobert, A W Parker,
CdeLara P O'Neill, D Phillips

Laser line-scanning confocal fluorescence imaging of the
photodynamic action of aluminium and zinc phthal ocyaninesin
V/79-4 Chinese hamster fibroblasts

Photochem and Photobi68 (2) 199-204 (1998)

D J Smith, KW D Ledingham, H S Kilic, T McCanny,

W X Peng, R P Singhal, A J Langley, P F Taday, C Kosmidis
lonization and dissociation of benzaldehyde using short intense
laser pulses

J Phys Chem A02 (15) 2519-2526 (1998)

G D Scholes, | R Gould, A W Parker, D Phillips
Time-resolved resonance Raman and molecular-orbital studies
of charge-separation and intramolecular reorganisation
Chem Phy234 (1-3) 21-34 (1998)

I C E Turcu, B Dance
X-rays from laser-plasmas: generation and applications
Publ John Wiley & Sons (1998)

CONFERENCE PRESENTATIONS

Time Resolved Vibrational Spectroscopy | nternational
Conference VIII, Oxford, UK (April 1997)

R H Bisby, S A Johnson, A W Parker, S M Tavender
Time-resolved resonance Raman studies of radicals from
4-aminoresorcinol as models for the active site radical
intermediate in copper amine oxidase

T Fournier, G D Scholes, | R Gould, S M Tavender, D Phillips,
A W Parker

Triplet 1-nitronaphtalene and competitive energy and electron
transfer reactions with trans-stilbene

P Matousek, A W Parker, D Phillips, G D Scholes, W T Toner,
M Towrie
ps-TR® spectroscopy of S, cis-stilbenein solution

G D Scholes, P Matousek, M Towrie, A W Parker, D Phillips
Time evolution of mode-specific reorganisation accompanying
intramolecular charge transfer
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Publications

G D Scholes, | P Mercer, D R Klug, D Phillips, T Fournier,
A W Parker

Resonance Raman studies of the nexus between energy and
chargetransfer in 9, 9'-bianthryl

S M Tavender, S A Johnson, D Basom, A W Parker,

R H Bisby

Time resolved resonance Raman spectroscopy of the carbonate
radical

W T Toner, P Matousek, A W Parker, M Towrie
Picosecond Raman excitation profile and transient absorbance
spectrum of Squaterphenyl in solution

Royal Society Discussion M eeting on Ultrafast Processesin
Chemistry and Biology, L ondon, UK (April 1997)

M R Thompson, M K Thomas, JH Posthumus, L J Frasinski,

K Codling, A JLangley, P F Taday

Multiphoton ionisation, dissociation and Coulomb explosion of
H, with short, intense laser pulses

41st International Conference on Electron, lon and Photon
Beam Technology and Nanofabrication, Dana Point, USA
(May 1997)

| CE Turcu, R M Allott, CM Mann, C M Reeves, | N Ross,

N Lisi, B JMaddison, SW Moon, P Prewett,

JT M Stephenson, A W SRoss, A M Gundlach, B Koek,

P Mitchdll, P Anastasi, C McCoard, N SKim

X-ray micro- and nano-fabrication using a laser-plasma source
at 1 nm wavelength

European Workshop on Laser Applicationsin Chemistry,
Barcelona, Spain (June 1997)

A W Parker
Chemical applications of lasers at the Central Laser Facility,
Rutherford Appleton Laboratory

A W Parker
Time-resolved resonance Raman spectroscopy: intermediates,
mechanisms and dynamics

20th Inter national Conference on the Physics of Electronic
and Atomic Collisions, Vienna, Austria (July 1997)

JH Sanderson, RV Thomas, W A Bryan, W R Newell,
I D Williams, A JLangley, P F Taday
High intensity laser fragmentation of vibrationally excited O

Inter national Workshop on Photoionisation |WP97,
Chester, UK (July 1997)

SL Wang, K PLawley, R JDonovan, K W D Ledingham,

T McCanny, R P Singhal, R Allott, N Spencer, W Shaikh,

| CE Turcu

Applications of VUV radiation from laser-produced plasmas for
molecular photoionisation and ion-pair production

Applications of X-Rays Generated from Lasersand Other
Bright Sources, San Diego, USA (July/August 1997)

P Albertano, M Bdlli, P di Lazzaro, A YaFaenov, F Flora,

A Grilli, Flanzini, T Letardi, A Nottola, L Palladino, T Pikuz,

A Rede, L Rede, A Scafati, M A Tabocchini, | C E Turcu,

K Vigli-Papadaki

Atmospheric pressure soft X-ray source for contact microscopy
and radiobiology applications

R M Allott, | CE Turcu, N Lisi, N Spencer, W Shaikh,

A Wybrew, S Wang, R Donovan, K Lawley, K Ledingham,

M Folkard, K Prise

Continuously tuneable, high flux, VUV beamline constructed on
a picosecond KrF laser plasma source
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Publications

A Masini, D Batani, F Previdi, A Conti, F Pisani, C Botto,

F Bortolotto, F Torsiello, E Turcu, R Allott, N Lisi, M Milani,
M Costato, A Pozzi, M Koenig

X-ray irradiation of yeast cells

G JTdllents, JKrishnan, L Dwivedi, D Neely, | C E Turcu
Film calibration for soft X-ray wavelength

| CE Turcu, CM Mann, SW Moon, B JMaddison, R Allott,
N Lisi, SEHug, N SKim

X-ray micromachining of deep 3D terahertz waveguide
components using a laser-plasma source at 1 nm wavelength

International Centennial Symposium on the Electron,
Cambridge, UK (September 1997)

G JBerry, JA Cairns, M R Davidson, P R Drapacz, Y C Fan,
A G Fitzgerald, D R G Rodley and J Thompson

The production of metal structures for the next-generation
electronic devices by e ectron-induced decomposition of a new
range of organometallic compounds

ROMOPTO’97: Fifth Conference on Optics, Bucharest,
Romania (September 1997)

I CE Turcu, CM Mann, SW Moon, B JMaddison, R M Allatt,
N Lisi, SE Hug, N SKim

X-ray micromachining with a laser-plasma source at 1 nm
wavelength

Conference of the Italian Physical Society (SIF), Como,
Italy (1997)

M Milani, M Costato, D Batani, E Turcu, D T Goodhead
Two colour soft X-ray differential radiobiology of
membrane/cytoplasmin yeast cells

Discussion Meeting On Ultrafast Chemical Phenomena -
Indian Institute of Science, Bangalore, India (March 1998)

A W Parker, M Towrie, P Matousek, D Phillips, G D Scholes,
W T Toner, R H Bishy

Time resolved resonance Raman spectroscopy and transient
absorption measurements using an ultrafast optical parametric
amplifier: an update

Applied Optics and Optoelectronics 1998, Brighton, UK
(March 1998)

S Martin, C A Feely, JT Sheridan, V Tod
High efficiency diffractive optical elements recorded in a self-
devel oping photopolymer material

CONFERENCE PRESENTATIONS 1996/97
2"Spectral Line Shapes, Firenze, Italy (June 1996)

M Magunov, | Skobelev, V Dyakin, A Faenov, T Pikuz,

D Batani, A Mauri, A Reale, F Flora, E Turcu, et al.

X-ray spectral line shapes for the excimer-laser-produced high
density plasma diagnostics

Proceedings of the XVth International Conference on
Raman Spectroscopy, Pittsburgh, USA, (August 1996)

M Towrie, P Matousek, A W Parker, P F Taday, W T Toner
Two 40 kHz repetition rate independently tunable synchronised
femtosecond pulses generated in the visible using optical
parametric amplifiers

INTERNAL PUBLICATIONS

M Milani, D Batani, F Bortolotto, C Botto, G Baroni, S Cozzi,
L Ferraro, A Masini, F Pervidi, M Balerini, M Costato, A Pozzi,
F Salsi, R Allott, N Lisi, E Turcu

Differential two colour X-ray radiobiology of
membrane/cytoplasm yeast cells

EU TMR Large Fecilities Access Programme, Contract No
ERBFMGECT950053, RAL Report RAL-TR-98-011 (1998)
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PATENTS

| CE Turcu, | N Ross, F O’'Neill
Laser-excited X-ray source
United States patent No. 5,654,998, (1997)

I N Ross, P Matousek, M Towrie, A J Langley, J L Collier
Optical parametric chirped pulse amplifier
Provisional patent (1997)

THESES

Alessandra Masini (Laura Thesis, University of Milan 1996)
Analisi della risposta metabolica di cellule all'irraggiamento
con X molli

Nadia Correale (Laura Thesis, University of Milan 1997)
Caratterizzazione di cellule di lievito saccharomyces cerevisiae
e loro utilizzo per irradiazione con raggi X

Francesca Salsi (Laura Thesis, University of Modena 1997)
Spettroscopia NMR di sospensioni cellulari sottoposte ad
irragiamento di X-molli

| C E Turcu (PhD, University of London 1997)
Generation and application of X-rays from excimer laser-
produced plasmas

Giuliana Baroni (Laura Thesis University of Milan 1998)
Riposta metabolica di cellule a radiazione ionaizzante

FulviaBortolotto (Laura Thesis, University of Milan 1998)
Spettroscopia di raggi X soffici prodotti da una sorgente laser-
plasma e dosimetria X su cellule di lievito

INVITED LECTURES

A W Parker
Research into photodynamic therapy for treating cancer
Interview on BBC News Nigh{June 1997)

P F Taday

Intense femtosecond laser interactions at the Rutherford
Appleton Laboratory

University of Oxford (February 1998)

| CE Turcu

Applications of laser-plasma X-ray radiation in science and
technology

Max Plank Institute Fur Quantenoptik, Garching, Germany,
(December 1997)

| CE Turcu

High brightness picosecond X-ray source and its applications
Physics Department, Bucharest Technical University,

Bucharest, Romania (September 1997)

| CE Turcu

X-ray micro- and nano-fabrication with a laser-plasma source
at 1nm wavelength

Centre for X-ray Lithography, University of Wisconsin at
Madison, USA (1997)

| CE Turcu

X-ray micro- and nano-fabrication with a laser-plasma source
at 1nm wavelength

M assachusetts Institute of Technology, Boston, USA

(May 1997)

| CE Turcu

X-ray micro- and nano-fabrication with a laser-plasma source
at 1nm wavelength

Universitadi Roma, Tor VergataFacolta di Ingegneria,
Dipartimento di Sciennze e Technologie Finische ed

Energetiche, Rome, Italy (October 1997)



Laser Development

JOURNAL PUBLICATIONS, BOOKS AND PUBLISHED
PROCEEDINGS

R M Allott, | CE Turcu, N Lisi, A Whybrew
Bright, continuously tunable, VUV plasma source generated by
a high repetition rate picosecond laser

QELS'97 Technical Digest, OSA Technical Digest Series 157

(1997)
R Allott, S Angood, C Beckwith, G Booth, J Collier,

C N Danson, A Damerell, C B Edwards, J Ellwood, P Exley,

P Flintoff, J Govans, S Hancock, P Hatton, S Hawkes,
D Hitchcock, M H R Hutchinson, M H Key,

C Hernandez-Gomez, J Leach, W Lester, D Neely, P Norreys,

M Notley, D Pepler, C Reason, D A Rodkiss, M Stainsby,
M Trentelman, J Walczak, T Winstone, R Wyatt, B Wyborn
10%° W cm to target with the upgraded Vulcan laser system
Proceedings of Applied Optics and Optoelectronics 1998,
Ed K T V Grattan, publ lIoP Publishing 219 (1998)

C N Danson, S Angood, L J Barzanti, N Bradwell, J Collier,

A R Damerell, C B Edwards, C Johnson, M H Key, D Neely,

M Nightingale, P A Norreys, D A Pepler, D A Rodkiss,

I N Ross, P Ryves, N Thompson, M Trentelman, F N Walsh,

E Wolfrum, R W Wyatt
Design and characterization of the VULCAN Nd:glass laser to
give focused intensities of >10%° W cm?

Solid state lasers for application to inertial confinement fusion:

second annual international conference, Ed M Andre,
SPIE3047 505-515 (1997)

C Danson, N Bradwell, L Barzanti, J Collier, A Damerell,

C B Edwards, C Johnson, M H Key, D Neely, M Nightingale,

D A Pepler, | N Ross, P Ryves, C Stephens, N Thompson,
M Trentelman, E Wolfrum, F Walsh, R Wyatt
Characterisation of the Vulcan Nd:glass laser for multi-
terawatt operation

Publications

PUBLICATIONSIN PRESS AT END OF 1997/8

C N Danson, J Collier, D Neely, L J Barzanti, A Damerell,

C B Edwards, M H R Hutchinson, M H Key, P A Norreys,

D A Pepler, I N Ross, P F Taday, W T Toner, M Trentelman,
F N Walsh, T B Winstone, R W W Wyatt

Well characterized 10™° W cn? aperation of VULCAN - an
ultra-high power Nd:glass laser

J Mod Opt45 (8) 1653-1669 (1998)

C B Edwards, C N Danson, M H R Hutchinson, D Neely,

B Wyborn

200 TW upgrade of the Vulcan Nd: glass laser facility
Superstrong Fields in Plasmas, Eds M Lontano, G Mourou,
F Pegoraro, E Sindoni AIP Conf Pré26 485-490 (1998)

D Neely, D M Chambers, C N Danson, P A Norreys,

S G Preston, F Quinn, M Roper, J S Wark, M Zepf

A multi-channel soft X-ray flat-field spectrometer

Superstrong Fields in Plasmas, Eds M Lontano, G Mourou,
F Pegoraro, E Sindoni AIP Conf Prd26 479-484 (1998)

M Towrie, A W Parker, W Shaikh, P Matousek
Tunabl e picosecond optical parametric generator-amplifier
system for time resolved Raman spectroscopy
Measurement Science & Technold@y5) 816-823 (1998)

H L Offerhaus, C B Edwards, W J Witteman

Single shot beam quality (M?) measurement using a spatial
Fourier transform of the near field

Opt Commi151 (1-3) 65-68 (1998)

CONFERENCE PRESENTATIONS

Time Resolved Vibrational Spectroscopy I nter national
Conference VIII, Oxford, UK (April 1997)

M Towrie, P Matousek, A W Parker, W Shaikh

Advances in Laser Interaction with Matter and Inertial Fusion, Tunable picosecond OPAsfor TR® spectroscopy

Proceedings of 24th ECLIM Eds G Velarde, J M Martinez-Val,
E Minguez, J M Perlado, publ World Scientific 523-526 (1997)

C Hernandez-Gomez, J Collier, C N Danson, C B Edwards,

S Hawkes, D A Pepler, I N Ross, T B Winstone
Interferometric measurement and analysis of the wavefront
quality of the Vulcan laser facility

Proceedings of Applied Optics and Optoelectronics 1998,
Ed K T V Grattan, publ loP Publishing 325 (1998)

G J Hirst

Progress toward ultrahigh intensities with the Titania krypton
fluoride laser system

CLEO '97 Technical Digest, OSA Technical Digest
Seriesll 523 (1997)

I N Ross, P Matousek, M Towrie, A J Langley, J L Collier
The prospects for ultrashort pulse duration and ultrahigh
intensity using optical parametric chirped pulse amplifiers
Opt Comm144 (1-3) 125-133 (1997)

I N Ross, M Trentelman, C N Danson
Optimisation of a chirped pulse amplification Nd:glass laser
Appl Opt36 (36) 9348-9358 (1997)

M Trentelman, | N Ross, C N Danson

Finite size compression gratings in a large aperture chirped
pulse amplification laser system

Appl Opt36 (33) 8567-8573

QELS'97, Baltimore, USA (May 1997)

R M Allott, | CE Turcu, N Lisi, A Whybrew
Bright, continuously tunable, VUV plasma source generated by
a high repetition rate picosecond laser

CLEO'97, Baltimore, USA (May 1997)

G JHirst
Progress toward ultrahigh intensities with the Titania krypton
fluoride laser system

International Workshop on Adaptive Optics for Industry
and Medicine, Shatura, Russia (June 1997)

M J Shaw, | N Ross, C JReason, D A Pepler, C N Danson,
T Kaneko, C JHooker
Active control of phase distortions in high power laser systems

International Conference on Superstrong Fields in Plasmas,
Varenna, Italy (August/September 1977)

C B Edwards, C N Danson, M H R Hutchinson, D Nedly,
B Wyborn
200 TW upgrade of the Vulcan Nd:glass laser facility

D Neely, D M Chambers, C N Danson, P A Norreys,
S G Preston, F Quinn, M Roper, JS Wark, M Zepf
A multi-channel soft X-ray flat-field spectrometer

CLF Annua Report 1997/98



Publications

IoP National Quantum Electronics Conference (QE13),
Cardiff, UK (September 1997)

JCollier, D A Pepler, C N Danson, | N Ross, C B Edwards,
P Exley, T B Winstone, J Elwood, D Hitchcock

The measurement of the wavefront quality of the VULCAN laser

system - adaptive optic possibilities

JCollier, D A Pepler, C N Danson, | N Ross, C B Edwards,
T B Winstone, J Elwood, P Exley, D Hitchcock, M Stainsby,
C Beckwith, M Stainsby, C McCoard, D Nedly, R Allott,

M Trentelman

The Vulcan laser system 250 TW upgrade - ultra high power
pulse diagnostics

C N Danson, S Angood, L Barzanti, J Collier, A Damerell,

C B Edwards, S Hancock, P Hatton, M H R Hutchinson,

M H Key, W Lester, C McCoard, D Neely, D A Pepler,

C Reason, D A Rodkiss, | N Ross, W Toner, M Trentelman,
F N Walsh, T B Winstone, E Wolfrum, R W W Wyatt,

B Wyborn

VULCAN: a unique system delivering 250 TW and focused to
give intensities of 10%° W crm

D Neely, M Trentelman, C N Danson, C Beckwith,

C L McCoard, JL Collier, C B Edwards, D A Pepler,

M Stainsby, F N Walsh

Frequency doubling of picosecond pulses on the Vulcan large
aperture CPA laser system

Applied Optics and Optoelectronics 1998, Brighton, UK
(March 1998)

R Allott, S Angood, C Beckwith, G Booth, J Collier,

C N Danson, A Damerell, C B Edwards, J Ellwood, P Exley,
P Flintoff, J Govans, S Hancock, P Hatton, S Hawkes,

D Hitchcock, M H R Hutchinson, M H Key,

C Hernandez-Gomez, J Leach, W Lester, D Neely, P Norreys,
M Notley, D Pepler, C Reason, D A Rodkiss, M Stainsby,

M Trentelman, JWalczak, T Winstone, R Wyatt, B Wyborn
10%° W cm to target with the upgraded Vulcan laser system

C Hernandez-Gomez, J Collier, C N Danson, C B Edwards,
S Hawkes, D A Pepler, | N Ross, T B Winstone
Interferometric measurement and analysis of the wavefront
quality of the Vulcan laser facility
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Panel Membership

PANEL MEMBERSHIP

HIGH POWER LASER DIRECT ACCESS PANEL 1997/98

Professor G J Pert (Chairman)
Department of Physics
University of York

Dr K Burnett
Department of Physics
University of Oxford

Dr J}C Gauthier
LULI
Paris, France

Secretary: Dr G Hirst
Rutherford Appleton Laboratory

Professor D Phillips (Chairman)
Department of Chemistry
Imperial College

Dr R Bisby
Department of Biological Sciences
University of Salford

Dr C Wharton
Department of Biochemistry
University of Birmingham

Professor K Codling
Department of Physics
University of Reading

Secretary: Dr A Langley
Rutherford Appleton Laboratory

Professor C L S Lewis (Chairman)

Department of Pure and Applied Physics

Queen’s University of Belfast

Professor C Fotakis

Institute of Electronic Structure and Laser

FORTH, Greece

Professor D Phillips
Department of Chemistry
Imperial College

Secretary: Mr C Danson
Rutherford Appleton Laboratory

Mr P C Thompson
AWE
Aldermaston

Professor S Rose
Clarendon Laboratory
University of Oxford

Professor M G Haines
Plasma Physics Group
Imperial College

Mrs C Exton
Cross Programme Group
EPSRC

LASERSfor SCIENCE FACILITY PANEL 1997/98

Professor F Wilkinson
Department of Chemistry
Loughborough University

Dr R Devonshire
Department of Chemistry
Sheffield University

Professor JA Cairns

Department of Applied Physics and Electronic and Mechanical
Engineering

University of Dundee

Mrs P Backway, Mrs C Exton
Cross Programme Group
EPSRC

CLF EURO EXPERIMENTS PANEL 1997/98

Dr E Rachlew-Kallne
Department of Physics
Royal Institute of Technology, Sweden

Dr G Matthieussent
Laboratoire Physique Gaz et Plasmas, Universite Paris XI -
CNRS, France

Dr R Sigel

Max-Planck-Institut fur Quantenoptik
Garching, Germany
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CLF Structure

CENTRAL LASER FACILITY STRUCTURE

Director: Prof Henry Hutchinson
m.h.r.hutchinson@rl.ac.uk

Deputy Director: Dr Chris Edwards
c¢.b.edwards@rl.ac.uk

Admin

Mrs Alison Brown
aj.brown@rl.ac.uk

Miss Katharine Hale
k.hale@rl.ac.uk

Mrs Chris Nabouls (part-time)
c.naboulsi @rl.ac.uk

Plasma Physics

Dr Steven Rose
s.j.rose@rl.ac.uk

L aser Research and Titania
Development
Dr Mick Shaw Dr Graeme Hirst
m.j.shaw@rl.ac.uk | g.j.hirst@rl.ac.uk

Vulcan

Mr Colin Danson

c.n.danson@rl.ac.uk

Lasersfor Science
Facility

Dr Tony Parker
aw.parker@rl.ac.uk

Engineering and
Technology

Mr Brian Wyborn
b.e.wyborn@rl.ac.uk
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